






























Brandon W. Blesi  
ii 
 
 A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of 
Mines in partial fulfillment of the requirements for the degree of Master of Science 


























Dr. Angus Rockett 
Professor and Department Head 








 Advanced high strength steels (AHSS) have been developed combining high strength and 
formability, allowing for lightweighting of vehicle structural components. These AHSS 
components are exposed to paint baking treatments, following straining induced from part 
forming, which may lead to increased in-service component performance due to a strengthening 
mechanism known as bake hardening (BH). This study quantified the BH behavior of select 
AHSS grades. Materials investigated were press hardenable steels (PHS) 1500 and 2000; 
transformation induced plasticity (TRIP) aided bainitic ferrite (TBF) 1000 and 1200; and dual 
phase (DP) 1000. The number designations of these grades refer to minimum as-received 
ultimate tensile strengths in MPa. Paint baking was simulated using times and temperatures from 
15 to 60 min and 120 to 200 °C, respectively. Samples were prestrained 0, 2, and 5 pct. The 
effects of time, temperature, and prestrain on the DP and TBF steels were evaluated using 
uniaxial tensile testing. Because no additional part forming occurs after austenite is quenched to 
martensite during hot stamping, the PHS grades were not experimentally prestrained and thus 
BH assessed low temperature tempering (LTT) response. Uniaxial tensile, bend, and 
microhardness testing were used to evaluate LTT for the same times and temperatures. 
 Yield strength generally increased for the DP and TBF steels with increasing time and 
temperature. Without prestrain, DP 1000 and TBF 1200 showed similar aging for most 
conditions. BH exceeded 100 MPa for DP 1000 at the greatest time/temperature. Tensile 
ductility also remained high for all test conditions without prestrain, typically decreasing by 1 pct 
or less relative to AR. With the addition of 2 and 5 pct prestrain, different aging behaviors per 
grade were observed with TBF 1200 showing the greatest BH response followed by TBF 1000. 
After prestraining, DP 1000 had the smallest BH values. Prestraining TBF 1200 5 pct followed 
by aging at 200 °C for 60 min resulted in a BH value of 180 MPa. Likewise, BH for TBF 1200 
continuously increased with increasing prestrain. Ductility diminished for the DP and TBF steels 
with increasing prestrain, time, and temperature. Tensile tests for PHS grades showed that 
yielding transitioned from continuous to discontinuous and yield strengths reached maxima with 
increasing tempering intensity. The higher carbon PHS 2000 had the greatest BH response and a 
maximum value of 180 MPa after aging at 200 °C for 15 min. Bend test results for both grades 
had large scatter and showed no observable trends in bend angle with increasing aging. 
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 Automotive safety and fuel efficiency standards put in place in the last decade have 
challenged original equipment manufacturers (OEMs) to continuously improve vehicle 
performance. The National Highway Traffic Safety Administration (NHTSA) and the 
Environmental Protection Agency (EPA) publish Corporate Average Fuel Economy (CAFE) 
standards which regulate fuel economy and safety standards for passenger cars and light trucks. 
Carbon emission and CAFE standards for model years 2021-2026 have been set under the Safer 
Affordable Fuel-Efficient (SAFE) Vehicles Rule. For example, this rule requires a fleet-wide 
fuel economy of 40.4 mpg for model year 2026 and projects 3,300 fewer crash fatalities and 
46,000 fewer hospitalizations from serious crashes [1]. Material development is essential for 
improving fuel efficiency and maintaining strict safety standards by producing lightweight, high 
strength parts. One method of weight reduction is down-gauging of sheet metal components, 
which necessarily requires an increase in strength of the metal. Recently, advanced high strength 
steels (AHSS) have been identified for many structural vehicle components because of their low 
cost, high strength, and good formability. 
 Material substitution and reduction in an effort to lightweight vehicles have involved the 
use of AHSS, aluminum, magnesium, plastics, and/or polymer composites as alternatives to mild 
steel and cast iron [2]. Material selection is driven by economic viability (cost to produce), 
strength, weight saving potential, and safety and performance [2, 3]. Life cycle analyses (LCA) 
are used to show potential benefits of light-weighting and to consider how the decrease in 
emissions in one sector (e.g. fuel economy) may come at the expense of increased emissions in 
another (e.g. recycling) [2, 4]. The cost and environmental impact of using a material is 
considered through every stage of that material’s life: raw material extraction, processing, 
manufacturing, use, and disposal/recycling. Modaresi et al. [2] considered many complex input 
parameters and found that aluminum and AHSS showed the greatest potential for reducing 
greenhouse gas emissions because of their availability, ease of recycling, and strength-to-weight 
ratio. Similarly, Witik et al. [5] investigated the use of several composites (glass fiber, carbon 
fiber) and several alloys for vehicle lightweighting. They found that materials offering 
substantial weight savings (i.e. composites and magnesium) may lead to limited or negative 
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effects over their life due to increased environmental burdens during production and difficulties 
in recycling. Steels have also shown promise in a circular economy, one in which resources are 
kept in use as long as possible then recovered and regenerated into new products at the end of 
service life [6, 7]. The Intergovernmental Panel on Climate Change (IPCC) recommends a 
decrease in overall greenhouse gas (GHG) emissions by 40 to 70 pct from 2010 levels by 2050 
for the steel industry. This reduction in GHG is possible by use of renewable energy or by 
displacing current steel imports with domestic recycled scrap. However, copper contamination in 
scrap reduces the recycling rate of steel and may lead to difficulties achieving the IPCC’s target. 
 Recent advancements in AHSS have increased the use of steels in specific vehicle 
locations not only to minimize mass, but also to provide maximum protection in a crash event: 
energy absorption and penetration protection. Several grades of AHSS are of interest to the 
automotive and steel industry due to their increased presence in body-in-white (BIW) 
construction and are therefore the focus of this investigation. Selected steel grades include dual 
phase (DP), transformation-induced plasticity (TRIP) aided bainitic ferrite (TBF), and press 
hardened steel (PHS). Figure 1.1 shows common locations of AHSS grades on an upper BIW 
structure for a light-duty truck [8]. PHS grades are used in the A- and B-pillar sections, door 
reinforcements, and roof rail for penetration protection. Multiphase (e.g. TBF grades) and 
martensite containing steels are used in the inner pillars and rocker panels for energy absorption. 
DP steels are used in the hinge pillar (lower A-pillar). Materials are designed and selected for 
each location to maximize performance and cost-effective mass savings. 
 Sheet forming processes used to create structural members for a BIW and subsequent 
paint baking operations strengthen steels via static strain aging mechanisms, also referred to as 
bake hardening (BH). Paint baking times and temperatures used to cure coatings can have a 
substantial effect on the mechanical properties of sheet steels in addition to the amount of plastic 
strain induced during part forming. Solute redistribution and/or alterations in microstructure in 
certain steel grades after paint baking can create a noteworthy increase in tensile yield strength, 
which may lead to increased dent resistance and crashworthiness of automobiles. With respect to 
martensitic steels such as PHS grades, paint baking can alter mechanical properties by means of 
low temperature tempering (LTT) processes. However, there is a lack of understanding of BH 
and LTT mechanisms in the selected steel grades. The objective of this study is to quantify the 
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BH response of the selected AHSS grades as a function of time, temperature, and prestrain and to 
relate mechanical behavior to microstructural changes. 
 
 
 The motivation of this study is to inform automakers – automotive, mechanical, 
metallurgical engineers, etc. – of the significance of part forming and paint baking operations on 
the in-service properties of industrially relevant AHSS grades. Changes in assembly operating 
parameters, which affect prestrain, time, and temperature, can considerably change mechanical 
properties. Microstructures of multiphase AHSS grades influence how the steels respond to these 
parameters, so this study emphasizes how Cottrell atmosphere formation, martensite tempering, 
and carbide formation, for example, control bake hardening. Correlations between steel grades, 
paint baking, microstructure, and final component performance were made. Ultimately, OEMs 
will be able to design and build components using the selected AHSS grades while considering 
material property changes associated with bake hardening. 
 This thesis investigates the bake hardening behavior of AHSS by first exploring 
background and previous literature in Chapter 2 which includes reviews of the automotive paint 
baking cycle, selected steel grades, the hot stamping process, strain aging, and free bend testing. 
Figure 1.1 Exploded BIW drawing showing location and use (by mass pct) of AHSS in a 
GMC Canyon/Chevy Colorado light-duty truck cab structure [8]. 
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Chapter 3 outlines the experimental design and procedures employed in this study including 
testing practices, data analysis, metallography, and microscopy. Next, results and discussion are 
presented in Chapter 4. The influences of time, temperature, and prestrain on mechanical 
properties and microstructure are explored. Finally, conclusions for this investigation are 





BACKGROUND AND LITERATURE REVIEW 
 
 Demand for high strength, lightweight, and cost-effective materials for fuel efficient 
vehicles has increased usage of AHSS in BIW construction. Part forming and paint baking 
operations affect mechanical properties of these steels by solute redistribution mechanisms and 
alterations in microstructure. This chapter explores relevant literature associated with the 
automotive paint baking cycle, selected steels, strain aging theory, bake hardening in AHSS, hot 
stamping processes, and tempering and free bend testing of martensitic steels. Emphasis is 
placed on reviewing literature pertaining to steels with microstructures and strength levels 
comparable to the selected grades for this investigation.  
2.1 Automotive Paint Baking Process 
 The construction of an automobile can be generalized into several broad categories: metal 
forming, polymer forming, assembling and fastening, and painting [9]. An early stage of 
manufacturing is the assembly of sheet metal components to form a BIW; this structure lacks 
suspension, powertrain, and drivetrain [10]. The BIW is typically manufactured out of steel 
which is initially bare or zinc coated and is the substrate on which automotive paint coatings are 
applied. Paint is also applied to external sheet metal components (i.e. visible surfaces) of the 
BIW, for example door skins. During the painting cycle, BIWs are exposed to several painting 
and baking cycles to apply and cure layers of e-coating, primer, base coat, and clear coat. 
Figure 2.1 shows a typical painting operation in a modern automotive assembly plant. Painting 
and drying operations are marked in dark gray, and CED is an initialism for cathodic 
electrodeposition. This figure illustrates that the large number of processes in painting leads to an 
intensive, time-consuming, and expensive operation. The material constituents of the BIW and 





 This thesis considers a range of industrially relevant paint baking times and temperatures 
that reflect current, and possibly future, operation conditions. Selection of the times and 
temperatures were motivated by several factors. First, automotive paint baking is an important 
finishing step in automobile production. It creates the finish on vehicles that is directly evident to 
consumers and protects component substrates from corrosion [10]. To create a desirable paint 
and clearcoat finish, OEMs must carefully control the maximum paint baking time and 
temperature to prevent defects which ultimately lead to rework. Second, paint baking is an 
energy-intensive manufacturing process. In fact, vehicle painting consumes the most energy of 
any segment in the vehicle manufacturing and assembly process [9]. To significantly reduce 
energy consumption associated with this process, paints have been developed that cure at lower 
temperatures to prevent softening of aluminum and plastics [11]. Finally, fuel efficient 
automobiles are beginning to rely extensively on adhesive bonding, with the advantage that 
adhesive bonding can be used to integrate aluminum and thinner gauge steels alongside 
conventional steels [12]. Structural adhesives are typically applied before painting because they 
bond better to metal substrates. Therefore, adhesives used on BIWs experience thermal loading 
during paint curing. Increased temperature can significantly influence bond strength, so 
decreasing baking temperatures may increase the loading tolerances of some adhesives [12]. 
 
Figure 2.1 Painting process in a modern automotive assembly plant [10]. 
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2.2 Review of Steel Grades 
 Several steel grades were selected for the investigation of the bake hardening behavior of 
AHSS. These steels are dual phase (DP), TRIP-aided bainitic ferrite (TBF), and press hardened 
steel (PHS). The following sections will introduce the DP, TBF, and PHS grades. Microstructure, 
thermomechanical processing paths, and mechanical properties will be explored. 
2.2.1 Dual Phase Steels 
 Dual phase steels are frequently used in BIW construction because of improved strength 
and formability compared to high strength, low alloy (HSLA) and mild steels, and because of 
their good weldability [13]. These steels are characterized by a two-phase mixture of ferrite and 
martensite created by an intercritical annealing process schematically shown in Figure 2.2. A 
cold-rolled hypoeutectoid steel nominally consisting of ferrite and cementite is heated to the α-γ 
phase field within the Ac1 and Ac3 temperature range and held for a predetermined time, known 
as intercritically annealing, to produce austenite within a ferrite matrix [14-16]. The steel is then 
cooled at a controlled rate (dashed line in Figure 2.2) to transform austenite into predominately 
martensite, with bainite and/or retained austenite possible, within a ferrite matrix. 
 Starting microstructure, composition, and intercritical annealing time and temperature 
(labeled as t1 and T1, respectively, on Figure 2.2) significantly influence final microstructure and 
mechanical properties. The amount of austenite produced during annealing is a function of the 
amount of carbon in the steel and the temperature of the anneal, found using the lever 
rule [14, 17, 18]. For example, a high intercritical annealing temperature will produce a large 
amount of austenite. Above Ac1, austenite forms rapidly on carbide particles or on ferrite 
boundaries. Because austenite typically nucleates at ferrite-carbide interfaces, refinement of 
interfacial area (i.e. refining carbide particles and/or ferrite grains) will increase the 
transformation kinetics and thus the amount of austenite [14]. This effect was observed by 
Sarwar and Priestner [17] who thermomechanically processed a DP steel to refine grain size. In 
steels with initially cold-worked microstructures, deformed ferrite recrystallizes and deformed 
pearlite colonies spheroidize upon heating to intercritical temperatures [15]. Austenite forms on 
boundaries between deformed ferrite grains, between recrystallized and unrecrystallized grains, 
and eventually on spheroidized cementite [15]. Cold-rolled starting microstructures produce fine-




Figure 2.2 Illustration of the processing time and temperature used to produce DP and TRIP 
steels. The dashed line represents the direct cooling from the intercritical anneal 
(T1,t1) to produce DP steel, while the solid line represents austempering (T2,t2) to 
produce TRIP steel. Adapted from [15]. 
 
 Final microstructure determines properties of DP steels. The heterogeneous 
microstructure of high hardness martensite islands in a ductile ferrite matrix creates a composite-
like steel whose strength can be approximated by the rule of mixtures notably investigated by 
Mileiko [20]. The rule of mixtures is given by Equation (2.1): 
 
 𝜎 = 𝜎 𝑉 + 𝜎 𝑉  (2.1) 
 
where 𝜎 , 𝜎 , and 𝜎  are the tensile strengths of DP, martensite, and ferrite, respectively, and 𝑉  and 𝑉  are the volume fractions of martensite and ferrite present in DP steel, respectively. 
Clearly, as the volume fraction of the stronger martensite increases, the strength of DP steel will 
increase. This observation was verified by Davies [21] who examined a series of plain carbon 
steels with different carbon contents quenched from different intercritical annealing 
temperatures. Figure 2.3 shows the results of his findings: there is a dependence of flow stress on 
percent martensite. However, other researchers have shown that an intermediate warm rolling 
step during intercritical annealing can create significant strengthening above that predicted by 
Mileiko’s model [17]. These researchers showed when epitaxial ferrite growth is prevented 
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during thermomechanical processing, elongated austenite grains are formed and subsequent 
martensite is refined in the rolling direction. Martensite refinement creates improved load 
transfer between ferrite and martensite. Additionally, higher strength was achieved by refining 




Figure 2.3 Flow stress as a function of percent martensite for various DP steels with different 
carbon content and quenched from different temperatures. The relationship 
observed verifies Mileiko’s model of composite strengthening. Adapted 
from [21]. 
 
 Dual-phase steels exhibit appreciable ductility for a given strength level. Figure 2.4 
shows an engineering stress-strain curve for a DP steel compared to HSLA and plain carbon 
steels. The figure illustrates common mechanical behavior traits of a DP steel. The DP steel has a 
lower yield strength than the HSLA because of the ease at which martensite-induced dislocations 
move through ferrite [15-17]. Further, the DP steel shows continuous (round-house) yielding. At 
a critical volume fraction of martensite, enough unpinned dislocations are created by shear and 
volume changes to move freely at a critical stress [14, 17]. Finally, a high rate of strain hardening 
is observed due to the interaction of the unpinned dislocations that initially created continuous 





Figure 2.4 Engineering stress-strain curves for plain carbon, HSLA, and DP steels. Note the 
lower yield strength of the DP compared to the HSLA but the higher strain 
hardening rate. Adapted from [15]. 
 
2.2.2 TRIP-Aided Bainitic Ferrite Steels 
 One recently developed third generation AHSS is TRIP bainitic ferrite (TBF). Although 
intercritically annealed first-generation TRIP steels possess excellent mechanical properties, they 
suffer from poor stretch-flangability, bendability, and edge formability perhaps due to small 
strains needed to initiate voids at interfaces between intercritical ferrite and second 
phases [22, 23]. These limitations led to the development of a higher strength TRIP-type steel by 
Sugimito et al. [23] in the early 2000s. Figure 2.5 shows typical micrographs of TBF steels. The 
microstructure is characterized by interlath retained austenite contained in a bainitic ferrite lath 
matrix. The fine structure with uniform hardness leads to improved hole expansion. Retained 
austenite, upon straining, transforms to martensite by the TRIP effect leading to improved 
ductility and formability compared to “traditional” steels with similar strengths. Substantial 
amounts of silicon alloying (~1.5 wt pct) are required, much like in traditional TRIP steels, to 
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suppress carbide formation in bainite during subcritical holding [16, 24, 25]. Additional alloying 
includes manganese to stabilize austenite; aluminum to suppress carbide formation (like silicon) 
which indirectly stabilizes austenite; chromium to suppress ferrite and pearlite formation; and 
niobium to refine austenite [16, 25]. 
 
Figure 2.5 Microstructure of a TBF steel austempered at (a, b) 375 °C or (c, d) 450 °C for 
200 s. The white phase in (b) and (d) represents retained austenite and/or 
martensite (αm) and dark gray phase is bainitic ferrite or quasi-ferrite (αq). 
From [23]. 
 
 Microstructures of TBF steels are controlled by austempering parameters. Figure 2.6 
schematically illustrates an example of an isothermal time-temperature processing operation for 
a TBF steel. First, the steel is fully austenitized then cooled sufficiently fast – preventing ferrite 
formation – to the isothermal holding stage. The steel is held at this temperature for a 
predetermined time (i.e. austempered) before cooling to room temperature. Control of isothermal 
holding temperatures dictates final microstructure, where a lower holding temperature results in 
a more refined microstructure which may contain some martensite. Figure 2.5 shows that the 
sample with the lower holding temperature of 375 °C (Figure 2.5(a)) has a finer microstructure 
than the higher holding temperature of 450 °C (Figure 2.5(c)). Martensite is highlighted in 
Figure 2.5(c) by αm. Prior microstructure, for example cold-rolled, and composition of the TBF 





Figure 2.6 Schematic of the austempering process to produce TBF steels. The steel is fully 
austenitized and then rapidly cooled to the isothermal holding temperature where 
it is held to produce bainite (or bainite and martensite) and retained austenite. 
Adapted from [26]. 
 
 Depending on application, a myriad of properties can be produced from one composition 
of a TBF steel. Table 2.1 illustrates the influence of austempering parameters on tensile 
properties using information from Figure 2.6, where AT is austempering temperature, YS is yield 
strength, UTS is ultimate tensile strength, UE is uniform elongation, TE is total elongation, RA 
is reduction in area, and n is strain hardening exponent. Holding above the Ms temperature, a fine 
lath-like bainitic ferrite/martensite mixed matrix was produced giving increased strength. 
However, ductility decreased due to a decrease in strain hardening; the TRIP effect was reduced 
because minimal retained austenite was present after processing [25, 26]. When austempered 
below Ms, TBF steels also showed decreased strain hardening because austenite was too stable 
and did not transform when strained [25, 26]. Strength was substantially lower than the 
bainite/martensite mixed TBF (Ms + 50 °C) because of the absence of untempered (fresh) 
martensite. Consequently, a strength balance and improved ductility, relative to Ms - 50 °C and 
Ms + 50 °C, were observed when held at Ms [25, 26]. Greater ductility, UE and TE, resulted from 




Table 2.1 – Mechanical Properties of TBF Steel (from [26]) 
 
AT YS (MPa) UTS (MPa) UE (pct) TE (pct) RA (pct) n 
Ms – 50 °C 969 1290 6.6 15.1 46 0.28 
Ms 851 1300 8.6 17.9 41 0.31 
Ms + 50 °C 835 1360 7.9 13.2 29 0.33 
 
2.2.3 Martensitic Steels 
 Martensite is a metastable phase in low-to-medium carbon steels formed when 
austenitized iron-carbon alloys are rapidly cooled to a low (e.g. room) temperature. It is a 
non-equilibrium product resulting from the diffusionless transformation of austenite and is 
associated with a fcc to body-centered tetragonal (bct) transformation [27]. Increasing carbon 
content increases tetragonality (i.e. c/a ratio) of the lattice. Displacements during transformation 
can be described by two homogeneous shears that occur at the velocity of sound within the 
austenite matrix [27, 28]. Carbon is responsible for the retention of the tetragonal lattice, and the 
concentration of carbon affects the morphology of the martensite. Namely lath, mixed (lath and 
plate), and plate microstructures are formed for carbon levels up to 0.6 wt pct, between 0.6 and 
1.0 wt pct, and greater than 1.0 wt pct, respectively [29]. 
 Lath martensite forms in low- and medium-carbon steels and is distinguished by the 
lath-shaped, parallel arrays of crystals and contains a high density of tangled dislocations [30]. 
Retained austenite can be contained between parallel martensite laths. Plate martensite is formed 
at higher carbon concentrations and is apparent by the non-parallel arrays of plate-like martensite 
crystals and midribs (linear features in the plates) [28, 29]. Plate martensite is formed in 
conjunction with twinning and limited dislocation motion; large amounts of retained austenite 
are contained in this microstructure [29]. Strength of martensitic structures – both lath and 
plate – is a function of the amount of retained austenite, dislocation density, size of martensite 
crystals, and presence of second phase particles, all of which depend on carbon content [29]. 





2.2.4 Press Hardening 
 Press hardening, also known as hot stamping or hot press forming, was developed in the 
1970s for saw blades and lawn mower blades [30]. Currently, these steels are used in the 
automotive industry for penetration protection in the event of a collision or a rollover. Structural 
crash components include A-pillars, B-pillars, bumpers, and roof rails. 
 Control of press hardenable steel composition is vital to creating fully martensitic, 
ultra-high strength steels. Naderi [31] found that steel grades containing boron provide feasible 
transformation behavior on cooling to achieve fully martensitic structures. Examples of these 
steel grades are 8MnCrB3, 22MnB5, 27MnCrB5, and 37MnB4, with 22MnB5 being the most 
prevalent commercial composition. In fully martensitic structures, the critical cooling rate 
(i.e. the rate above which a fully martensitic microstructure forms) and martensite start 
temperature (Ms) are important parameters. For example, 22MnB5 has a critical cooling rate of 
27 K/s with an Ms of 410 °C [31]. Mechanical properties of PHS after quenching are strongly 
dependent on carbon content, with a more minor effect from Mn and Cr [30]. Boron is added in 
minor quantities (~0.002 wt pct B) because it slows the transformation of austenite into 
low-strength microstructures (e.g. ferrite) [30]. This leads to a fully martensitic microstructure 
through the entire thickness of the press hardened part. A protective coating, typically Al-Si, is 
applied to the sheet prior to hot stamping to provide in-service corrosion protection of stamped 
parts. 
 A major drawback in cold forming high strength parts is the dimensional change at the 
end of a forming process when the forming tool has been removed from the part, known as 
springback. Cold stamping traditional high strength steels introduces high loads to the tools and 
increases the likelihood of springback. Press hardening addresses this problem by forming parts 
in the hot, ductile fcc austenite phase and then quenching the parts in the tool. Two primary press 
hardening processes exist: direct hot stamping shown in Figure 2.7(a) and indirect hot stamping 
shown in Figure 2.7(b). Indirect hot stamping is differentiated from direct hot stamping in that 
the part is cold formed prior to austenitizing, hot stamping, and quenching. Both forming 





 To form a martensitic structure, steel must be first austenitized. Geiger et al. found a 
strong influence of the austenitization temperature and sheet thickness on the heat treatment time 
to form a homogeneous austenite phase [32]. For example, a lower austenitization temperature 
and a greater sheet thickness increase the time to fully form a homogenous phase. The heating 
procedure influences the part properties, processing time, and cost-efficiency of press hardening. 
Heating can be provided by several methods, such as radiation in a roller hearth furnace, 
induction heating, and electrical resistive heating. Once fully austenitized, the part must be 
immediately transferred to a press to assure required mechanical properties. If the temperature 
falls below a threshold temperature, bainitic ferrite will form [31]. Forming must be completed 
prior to quenching and the martensitic transformation. The transformation is completed in the 
tool using cooling media (e.g. water, nitrogen, or air) that flow through the die set [30]. Press 
hardening can create parts with variable strengths and ductility along the length of the part, 
known as “tailoring”. A tailored part, for example, can be fully martensitic along a portion of a 









structural components (e.g. B-pillars) where intrusion control is important in the upper section, 
but energy absorption is needed in the lower section of the part [30].  
2.3 Strain Aging 
 Strain aging is defined as “the change in properties of a metal that occurs by the 
interactions of point defects—principally interstitial solute atoms—and dislocations, during or 
after plastic deformation. When property changes occur after plastic deformation, the process is 
called static strain aging” [33]. The term “aging” refers to a time dependent alteration in the 
property of materials. When this process occurs after a metal undergoes plastic strain from part 
forming and point defects migrate during a paint baking thermal treatment, the strain aging 
phenomenon is specifically referred to as bake hardening. The following sections review strain 
aging theory, factors that influence this behavior, and bake hardening of AHSS. 
2.3.1 Theory and Stages 
 Strain aging is best revealed when observing stress-strain curves, as shown in Figure 2.8. 
Figure 2.8(a) schematically shows an initially annealed low carbon steel specimen (e.g. a 
ferrite-pearlite microstructure) strained plastically to point X, whereupon the load is removed. If 
the specimen is retested immediately without any heat treatment, region B is produced. Yielding 
is continuous because dislocations formed during plastic straining have not been immobilized by 
solute atoms and remain glissile [34]. However, if at point Y the specimen is unloaded and 
allowed to age, a yield point will reappear because carbon and nitrogen can diffuse to form new 
atmospheres at dislocation cores [34]. Figure 2.8(b) shows characteristics of strain aging, 
including an increase in yield stress, ∆𝑌𝑆; a return of a yield point elongation (i.e. Lüders 







Figure 2.8 Engineering stress-strain curves of low carbon steels that have experienced strain 
aging: (a) a specimen that has been strained through its yield point (region A), 
immediately retested after reaching point X (region B), and aged and reloaded 
after point Y (region C) [34], and (b) changes in mechanical properties after 
aging [33]. 
 
 As mentioned, the reappearance of a yield point is one indication of strain aging [33, 34]. 
A yield point is marked by a load that increases steadily as a function of displacement until the 
load suddenly drops, fluctuates about a constant load value over a certain strain range, the yield 
point elongation (YPE), and then rises with further strain [34]. The highest stress prior to the 
drop defines the upper yield strength (UYS), and the subsequent lowest stress before further 
strain hardening is the lower yield strength (LYS). A yield point phenomenon was originally 
believed to be a result of dislocations (locked by solute atoms) becoming unpinned at the UYS 
during retesting. While carbon or nitrogen atoms readily diffuse to positions of minimum energy 
below the extra plane of atoms and lock dislocations (i.e. Cottrell atmosphere formation), it is not 
the unpinning that creates the yield point. Rather, new dislocations are formed at stress 
concentrations, grain boundaries, and (inclusion) interfaces [33]. Hence, the appearance of a 
yield point phenomenon during strain aging indicates that initial mobile dislocations formed 
during prestraining have been locked via Cottrell atmosphere formation as a result of aging, and 
that new dislocations have formed upon reloading. The magnitude of YPE has been shown to 
increase as a function of aging time to a maximum, then decrease [35]. The maximum indicates 
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that all free dislocations have become locked and the end of atmosphere formation. The decrease 
in YPE signifies the beginning of precipitation of carbides. 
 Strain aging theory was originally proposed by Cottrell and Bilby [36]. They first 
considered general solute effects: the interaction between the stress field produced by a solute 
atom (either substitutional or interstitial) and a dislocation. In the case of carbon in body centered 
cubic (bcc) iron, solute (carbon) is much smaller than solvent (iron) atoms and will occupy 
interstitial octahedral sites [34]. Carbon atoms in interstitial sites cause lattice distortions that, in 
turn, create stress fields around these solute atoms [36]. Strengthening is a result of mutual 
interactions of elastic stress fields which surround solute atoms and dislocation cores, and the 
strengthening is proportional to the misfit of the solute; this is known as elastic interaction 
strengthening [34]. Because interstitial carbon atoms create asymmetrical lattice distortions, both 
edge and screw dislocations are impeded. The elastic strain energy produced by the distortion of 
solute atoms is minimized by the strain energy of a dislocation creating a driving force for atom 
diffusion to dislocation cores. Dislocations become pinned by atmospheres of diffused solute 
atoms (i.e. strain aging), leading to yield point phenomena discussed below. Like any diffusional 
process, strain aging is time dependent and has been found to follow the “𝑡 /  law”, which is 
given by Equation (2.2), 
 
 W(t)=1- exp -3L ADtkT 23  (2.2) 
 
where W(t) is the fraction of segregated solute, L is the total length of dislocation line per unit 
volume, A is a constant with units of force over area, D is the diffusion coefficient of interstitial 
solute, k is Boltzmann’s constant, T is temperature, and t is time. The diffusion of interstitial 
atoms (e.g. carbon, nitrogen, etc.) to dislocation cores is known as Cottrell atmosphere 
formation.  
 Two other strain aging strengthening mechanisms, in addition to Cottrell atmosphere 
formation, exist and can be summarized as the three following stages [37]: 
1) Stress-induced ordering of carbon atoms among the possible sets of interstitial sites 
(Snoek rearrangement) 
2) Segregation of carbon atoms and Cottrell atmosphere formation 
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3) Precipitation of iron carbides 
The first step is Snoek rearrangement. This is the ordering of interstitial solute atoms to 
preferable octahedral sites under applied stress. When the load is removed, interstitial atoms are 
once again distributed randomly; internal friction measurements make use of this ordering and 
disordering upon loading and unloading. The second stage, as aforementioned, is the long-range 
diffusion of interstitial atoms to dislocation cores to form Cottrell atmospheres. Stress to move 
dislocations is increased because it must overcome the stress fields of the solute atoms. Finally, 
precipitates form at longer times due to the increased concentration of solute atoms at dislocation 
sites [38]. For precipitation to occur, sufficient carbon in the matrix must be present to create an 
excess of carbon, i.e. more than required for saturation of dislocations. Once dislocations are 
saturated with carbon and clusters begin to form, kinetics will be governed by regular diffusion 
acting alone (due to restricted range of dislocation interaction with carbon) resulting in a 𝑡 /  
kinetic law [38]. The onset of 𝑡 /  kinetics indicates the beginning of precipitation. 
2.3.2 Strain Aging Parameters 
 There are several factors that influence BH behavior: multiplication of dislocations 
during prestraining, interstitial atoms in solution, aging time and temperature (i.e. kinetics), and 
grain size. The magnitude of strength increase is strongly dependent on prestrain history, but not 
only on the amount of prestrain. For example, if a specimen is prestrained in tension, aged, and 
then tested in compression, the amount of bake hardening will decrease (and may even become 
negative) [39, 40]. This can be attributed to the Bauschinger effect. However, BH steels will 
experience significant strength increases if the sample is tested monotonically (i.e. when 
prestraining and subsequent loading are in the same direction) for strains typically observed 
during part forming (1-7 pct). For ultra-low carbon (ULC) steels, the maximum attainable 
increase in strength (~30MPa) was found to be independent of prestrain [35]. A slightly 
decreasing baking response with increasing prestrain was observed for DP steels by 
Bleck et al. [41]. Dislocation-solute interactions and precipitate density are known to be 
influenced by dislocation density, which is related to the degree of prestrain [42]. The 
dependence of prestrain appears to be weak or unknown for fully martensitic structures [42].  
 Another consideration to bake hardening is the aging parameters (i.e. time and 
temperature) because Cottrell atmosphere formation, as discussed previously, is a 
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diffusion-controlled process. Figure 2.9 shows that at times and temperatures below which 
recovery proceeds, it has been observed that the maximum increase in yield strength is 
independent of time given that the treatment is sufficiently long to allow interstitials to diffuse to 
dislocations [42, 43]. This signifies that there is a theoretical maximum BH response for steel. 
However, if the aging temperature is high, the maximum increase will be achieved quickly and 
then dislocations will rearrange and recovery will proceed [44]. Carbon content, microstructure, 
and diffusional distances (related to the amount of prestrain) affect the time, for a given 
temperature, that maximum bake hardening will occur. Several authors have noted that 
decreasing the amount of carbon available in the ferrite matrix will delay the bake hardening 
stages in DP steels, but the maximum strength increase is greater than for conventional 











 Solute concentration, specifically the concentration of nitrogen and carbon atoms, is 
responsible for the bake hardening effect in steel. Controlling this concentration to maximize BH 
response is challenging because on one hand, interstitial atoms are the instrument for Snoek 
rearrangement, Cottrell atmosphere formation, and precipitation strengthening mechanisms. On 
the other hand, an overabundance of interstitial atoms will cause the steel to age at room 
temperature, greatly decreasing the shelf life of the material. Room temperature aging is 
responsible for the formation of Lüders bands (or stretcher marks) during part forming, which 
creates a cosmetically unacceptable part if it is an exposed body part on a vehicle [42]. Nitrogen 
atoms are especially deleterious as they can easily diffuse to dislocations at room temperature. 
For this reason, sheet steel is typically aluminum-killed so that nitrogen atoms combine with 
aluminum to form aluminum nitride particles and prevent room temperature aging. Therefore, to 
control the bake hardenability of steel, the nitrogen and carbon concentrations must be closely 
controlled. It has been determined that the optimal range of carbon to produce the greatest bake 
hardening effect is between 5 to 20 ppm for fully ferritic ULC and extra low carbon (ELC) 
steels [39, 42, 45]. 
 The final influence on the BH effect is grain size. Although several theories have been 
proposed as to the effect of grain size, no consensus has been achieved. A study by 
Obara et al. [46] has indicated that the amount of carbon in solution increases with increasing 
grain size, and that supersaturation of carbon in the ferrite matrix leads to cementite nucleation 
and precipitation inside grains. Because precipitation of cementite particles consumes much of 
the available carbon atoms, fewer dislocations will be pinned by carbon Cottrell atmospheres and 
the bake hardening index decreases. Another theory, summarized by Das and Wübbels [39, 42], 
suggests that carbon atoms occupying low energy grain boundary sites have a more profound 
effect on BH than carbon atoms inside grains. Decreasing grain size will increase the amount of 
carbon occupying grain boundaries and decrease the distance carbon must diffuse to dislocations. 
Moreover, carbon on grain boundaries cannot be measured by internal friction, so the “hidden” 
carbon may contribute to more strengthening than previously estimated [39, 42]. Finally, some 
authors argue sessile dislocation density and dislocation substructures increase bake 
hardenability more than grain size and carbon distribution [39]. 
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2.3.3 Bake Hardening of DP Steels 
 Strain aging and bake hardening have been investigated over the course of several 
decades for numerous steel microstructures, ranging from ULC ferrite to multiphase steels, at 
various strength levels. More recent developments have focused on the bake hardening behavior 
of high strength dual phase (DP) steels. Waterschoot et al. [38] investigated strain aging in DP 
steels having different microstructures and strength levels. Figure 2.10 shows how strength 
increases as a function of aging time and how it correlates to three distinct stages. First is the 
pinning stage: dislocations in ferrite are pinned by interstitial carbon resulting in an increase in 
strength of about 30 MPa. Second is the precipitation stage: excess carbon forms carbon clusters 
or transition carbides with a maximum observed strengthening of 65 MPa. Finally, the third stage 
is martensite tempering: internal stresses in ferrite from martensite transformation are reduced 
due to the formation of transition carbides and an associated volume decrease of martensite 
leading to large increases in strength between 160 and 250 MPa. 
 
 
Figure 2.10 Schematic overview of the aging process of DP steels as a function of the 
Hollomon-Jaffe tempering parameter. Strengthening, ∆σ, is defined in 
Section 3.5.1. WQLM is water quenched, low (amount of) martensite; WQHM is 
water quenched, high (amount of) martensite; and FC is fast cooled. From [38]. 
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 Timokhina et al. [47, 48] used transmission electron microscopy (TEM) and atom probe 
tomography (APT) to show that the increased dislocation density near the ferrite-martensite 
interface is a significant contributing factor to the pronounced BH response of DP steels. The 
increase in dislocation density is likely due to stress propagation into ductile ferrite during 
martensite transformation caused by volume expansion and accommodation of associated misfit. 
Figure 2.11 shows that these authors also confirmed martensite tempering using APT. 
Figure 2.11(a) shows a potential interface between retained austenite and decomposed 
martensite. Figure 2.11(b) highlights a selected region (from the martensite volume shown in 




Figure 2.11 Carbon atom maps created using APT after prestrain and baking in a DP steel. 
The dashed line in (a) shows suggested interface line between decomposed 
martensite (M) and retained austenite (RA). The map shown in (b) is a selected 
volume of martensite from the map created in (a) and highlights the rod-like 
carbides formed after baking. From [48]. 
 
 Other researchers have investigated the influence of prestrain, baking time and 
temperature, martensite morphology and phase fraction, and strength levels on the BH of DP 
steels [49-53]. Gündüz et al. [49, 50] showed that increasing prestrain from 2 to 4 pct decreased 
the extent of strengthening after paint baking. These authors also showed that “overaging” 
(i.e. long time, high temperature aging) DP steels at and above 200 °C for 30 min results in a 
decrease in strengthening due to tempering of martensite and coarsening of precipitates. They 
found that the overaging process was suppressed in a microalloyed DP steel. Türkmen et al. [51] 
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showed that fibrous (i.e. fine, needle-like lath) martensite uniformly distributed in ferrite, 
compared to blocky martensite, leads to higher strengthening because proportionally more 
regions of ferrite contain higher dislocation densities. Overaging was also found to be slower in 
fibrous martensite. These researchers showed that a larger martensite volume fraction led to 
greater BH values due to stronger dislocation pinning at ferrite-martensite interfaces. 
Ji et al. [52] investigated the BH response of DP steels with different strengths, with the greatest 
level approaching 1 GPa. They observed that the higher strength microstructures with higher 
volume fractions of martensite, smaller martensite islands, and smaller ferrite grains produced 
the highest BH response. Ramazani et al. [53] showed for a DP 600 steel that large BH responses 
without prestrain are possible due to the generation of mobile geometrically necessary 
dislocations (GNDs) at ferrite-martensite interfaces during processing. They also showed that the 
maximum strengthening of 80 MPa was observed at 2 pct prestrain and at temperatures at or 
below 170 °C. Strengthening decreased at higher prestrains and at higher temperatures due to 
overaging effects. 
2.3.4 Bake Hardening of TRIP Steels 
 The microstructures of TRIP-type steels, such as TBF, are more complex than DP steels 
making determination of the fundamental BH mechanisms more difficult, especially considering 
that retained austenite present during prestrain may transform to martensite. Samek et al. [54] 
systematically studied the BH response of TRIP steels by first considering the BH of individual 
phases aged 170 °C for 20 min. Ferrite and bainite microstructures were produced in bulk with 
adjusted chemistries to reflect the chemistry of each microstructural constituent observed in a 
TRIP steel, and their strained and unstrained (i.e. 0 pct prestrain) response is shown in 
Figure 2.12. Austenite stability in Figure 2.12 is represented by 𝑓 , the volume fraction of 
retained austenite that transformed to martensite relative to the initial volume fraction, for the 
investigated TRIP steels as a function of the engineering strain. For example, high retained 
austenite stability is signified by a small 𝑓  since little austenite transformed. Considering ferrite, 
bainite, and TRIP steel with a CMnSi composition, Figure 2.12(a) illustrates that bainite 
contributed to high BH values, particularly in the prestrained and aged conditions. Bulk bainite 
alloys had BH0 (unstrained) values in the range of 20 to 50 MPa, and BH2 (2 pct prestrain) 
values in the amount of ~110 MPa. Bainite and TRIP values of BHx decreased for prestrains 
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greater than 2 pct. Differences in BHx values amongst different TRIP steels were found to be 
composition dependent since composition controls the strain-induced formation of martensite. 
For example, Figure 2.12(b) shows a CMnAl TRIP steel with high austenite stability (i.e. a low 𝑓 ) relative to CMnSi. BH values continuously increased with increasing prestrain over the entire 
range of strains investigated (up to 10 pct). On the other hand, CMnSi TRIP steel 
(Figure 2.12(a)) had lower austenite stability (i.e. high 𝑓 ) because it exhibited faster 
transformation kinetics at room temperature. Consequently, the maximum BH value was 
obtained at 1 pct prestrain, as shown in Figure 2.12(a), after which BHx decreased due to the 
formation of a significant amount of martensite which relaxed during aging. Furthermore, static 
strain aging of ferrite in the TRIP steels contributed to strengthening response via the Cottrell 
atmosphere formation, but the most significant source of strengthening came from the 
strain-induced transformation of retained austenite to martensite creating internal compressive 
stresses in ferrite and retained austenite phases. This explains the large increase in BHx values 









Figure 2.12 BH values for (a) CMnSi and (b) CMnAl ferrite, bainite, and TRIP steels aged at 
170 °C for 20 min. Steels were annealed in salt baths (SB-closed symbols) and 
continuous annealing simulator (CASIM-open symbols), with similar results 
obtained for both. From [54].  
 
 Similar to the work of Samek et al. [54], BH responses of TBF steels with various alloys 
and strengths were investigated by other researchers. Ramazani et al. [53] found that BH values 
continued to increase as a function of prestrain for a TRIP 700 steel up to a maximum of 5 pct 
prestrain before decreasing with additional prestrain. They attributed the prestrain dependence of 
strengthening to the amount of retained austenite that transforms to martensite, which is 
dependent on prestrain and austenite stability, and subsequent tempering of martensite during 
aging. Unlike the DP steels (mentioned earlier), they did not observe a decrease in BH values for 
the TRIP steel for the range of times and temperatures investigated (5 to 10,000 min and 60 to 
220 °C). Zhang et al. [55] investigated the effect of microstructure on the BH behavior of a 
CMnSi TRIP steel using X-ray diffraction (XRD), TEM, and APT. In addition to the decrease in 
volume fraction of retained austenite, other microstructural changes observed during prestraining 
and baking were increases in dislocation density and formation of cell substructures in polygonal 
ferrite, localized increase in dislocation density of polygonal ferrite in regions adjacent to 
martensite/retained austenite, and formation of fine iron carbides in bainite and martensite. The 
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formation of iron carbides after prestrain/baking were associated with an increase in tensile 
strength but a reduction in ductility. Timokhina et al. [47, 48] also used TEM and APT to 
suggest that the BH behavior of TRIP steel is controlled by the formation of dislocation cell 
structures in ferrite and the high carbon content of bainitic ferrite. Das et al. [56] found that the 
presence of bainite in TRIP steel can lead to considerable BH response due to the presence of 
many dislocations and a high amount of carbon atoms, leading to dislocation pinning. 
2.4 Low Temperature Tempering 
 Steels quenched to fully martensitic microstructures exhibit some of the highest strengths 
and hardness values possible for a given composition [29]. Martensitic steels are used 
extensively in the automotive industry for penetration protection in the event of a side impact 
collision or rollover [31]. This investigation considers LTT because PHS grades do not 
experience part forming strains (i.e. prestrain) prior to baking; however, they experience paint 
baking times and temperatures that fall within the LTT regime. The following section defines 
LTT, stages of tempering, and application of bend testing to martensitic steels. 
2.4.1 Microstructure of LTT Martensite 
 Ductility in as-quenched (AQ) martensite is often very low compared to steels with the 
same composition but different microstructures. Tempering is predominantly performed to 
improve toughness or ductility but typically at the expense of strength and hardness. LTT is the 
least severe temper and typical tempering temperatures are in the range of 150 to 200 °C. 
Microstructures of LTT martensite preserve high hardness and strength while having moderate 
ductility and fracture resistance [57]. 
 Martensite is a metastable phase supersaturated with carbon because diffusion was 
suppressed from rapid cooling. However, if martensite is heated to any appreciable tempering 
temperature above room temperature carbon atoms become mobile and diffuse from octahedral 
sites to form carbides, with martensite ultimately decomposing into a mixture of ferrite and 
cementite [29]. Krauss [59] describes the principal stages of tempering of martensite as: 
 Stage I: Formation of second phase particles and lowering of carbon content of 
martensite matrix to 0.25 pct C. 
 Stage II: Transformation of retained austenite to ferrite and cementite. 
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 Stage III: Replacement of transition carbides and low-carbon martensite by cementite and 
ferrite. 
Temperature ranges for the three stages may overlap, depending on time, as tempering proceeds. 
Alloying additions also affect the time and temperature of the tempering stages. However, the 
following temperature ranges are typical for the first, second, and third stages, respectively: 100 
to 250 °C, 200 to 300 °C, and 250 to 350 °C [10.8]. Stages one and two are within the 
temperature ranges of LTT and this study. Other stages have been recognized in the tempering 
process, such as carbon segregation to dislocations and various boundaries, carbon atom 
clustering in as-quenched martensite, formation of alloy carbides for secondary hardening, and 
other structural changes (e.g. recrystallization) [59]. In addition to LTT, a process known as 
autotempering is possible in low carbon alloy steels with MS temperatures well above room 
temperature and is referred to as the zeroth stage of tempering. Because of high MS temperatures, 
martensite forms over a wide range of temperatures on cooling. High formation temperatures 
make complete suppression of carbon diffusion impossible during cooling due to high mobility 
at elevated temperatures. Carbon mobility is sufficient to cause cementite formation and 
diffusion to dislocations and laths [29]. 
 During tempering, once the available high-energy defect sites (dislocations, grain 
boundaries, etc.) have been occupied by carbon atoms, remaining carbon is free to precipitate as 
carbides [60]. Carbides formed in the first stage of tempering have either a hexagonal structure 
known as an epsilon (ε) carbide (Fe2.4C) or a orthorhombic structure known as an eta (η) 
carbide (Fe2C), both with a carbon contents significantly higher than cementite (Fe3C) [59]. 
Carbides will not precipitate at temperatures ranging from 100-200 °C for steels containing less 
than 0.2 wt pct carbon because carbon atoms are tied up at defect sites [60]. As carbon content of 
martensite is increased, carbide density increases and the spacing between particles decreases. In 
the temperature range of 150-200 °C, ε-carbides have been observed with diameters of 
2-4 nm [29]. Second phase particles require greater stresses to move dislocations in metals 
because dislocations must shear or loop around fine particles [34]. 
 Other microstructural changes during tempering include decomposition of retained 
austenite and lath boundary reduction (above 200 °C). During tempering, retained austenite 
decomposes and releases carbon to precipitate carbides found at lath boundaries [60]. Austenite 
is transformed into mixtures of ferrite and cementite. At higher temperatures, smaller laths are 
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reduced to produce coarse, spherical cementite at prior austenite grain boundaries [59, 60]. At 
longer time, higher temperature tempers, martensite crystals within packets recover and 
recrystallize to form equiaxed ferrite grains [59]. 
2.4.2 Mechanical Behavior of LTT Martensite 
 Martensite lends its ultra-high strength and hardness to the diffusionless, shear 
transformation from carbon-rich austenite to a body centered tetragonal structure (bct). Due to 
the rapid nature of the transformation, carbon atoms are trapped in octahedral interstitial sites 
between iron atoms causing tetragonality and a supersaturation of carbon. A high dislocation 
density is produced by the shape and volume changes during transformation [57]. The 
supersaturation of carbon and high dislocation density create a large thermodynamic driving 
force for tempering. Figure 2.13 demonstrates how hardness varies as a function of carbon 
content for a variety of tempering conditions. The highest hardness observed is for high-carbon, 
AQ specimens. Hardness increases continuously with increasing carbon content and decreases 
continuously with increasing tempering intensity [61, 62]. Fine transition carbides, either epsilon 
or eta, are generated during the first stage of tempering, subsequent to carbon redistribution to 
high energy sites during quenching (i.e. autotempering) or room temperature aging. Increasing 
carbon content increases the density of transition carbides and decreases spacing. Substitutional 
alloying has been shown to have limited influence on the tempering behavior of steels at low 
temperatures because there is insufficient thermal energy for substitutional elements to 
diffuse [61]. However, select substitutional alloys affect hardenability and, at higher 
temperatures, may lead to secondary hardening [61, 63]. 
 Deformation behavior of LTT martensite depends primarily on the role that carbon plays 
in establishing the fine microstructure that must both resist dislocation motion (to provide high 
yield strength) and sustain dislocation motion (to provide high tensile strength through work 
hardening) [57]. This microstructure, consisting of a high dislocation density and a fine array of 
transition carbides, alters the strain hardening ability of the AQ and LTT steels not only as a 
function of carbon content but also as a function of tempering intensity. Work hardening theory 
can be used to explain both behaviors. Using the work hardening theory of 
Kuhlmann-Wilsdorf [64], the shear stress, 𝜏, necessary to sustain plastic flow is dependent on the 




 𝜏 = 𝜏 + 𝛼𝐺𝒃𝑙  (2.3) 
 
where 𝜏  is the friction stress to move a dislocation in a crystal without obstacles, 𝛼 is a constant, 
G is the shear modulus, 𝒃 is the Burgers vector of active dislocations, and l is the average free 
dislocation length. Higher carbon microstructures have higher dislocation densities and more 
closely spaced transition carbides which reduce free dislocation lengths [57]. Therefore, higher-
carbon microstructures tend to have higher flow stresses according to Equation (2.3) for a given 
strain. Alternatively, during tempering, transition carbides coarsen and dislocations are recovered 
which effectively increase the free dislocation length [65, 66]. The coarsening of the 
substructure, according to work hardening theory, reduces flow stresses and strain hardening, 
leading to reduced ultimate tensile strengths [57, 64]. 
 Figure 2.14 shows the mechanical properties – ultimate tensile strength (UTS), yield 
strength (YS), reduction of area (RA), and total elongation (etel) – for an SAE 4340 steel as a 
function of tempering temperature for a 1 hr duration [67]. Data in the LTT regime (between 
150 °C and 200 °C) are shown in the crosshatched region of the plot. A noteworthy aspect of this 
plot is the difference in YS and UTS in the AQ and LTT states. The large gap (i.e. low YS/UTS 
ratio) between the curves implies a large strain hardening rate. A YS/UTS ratio of approximately 
0.75 was recorded in this region. Interestingly, yield strength increases within the LTT area 
because of the pinning of mobile dislocations by free carbon, but UTS decreases with increasing 
tempering temperature suggesting a decrease in strain hardening. Continuing outside of the LTT 
zone, YS and UTS curves converge (i.e. YS/UTS ratio increases) signifying a decrease in strain 
hardening. As tempering temperature increases, strain hardening becomes minimal as the two 
curves become parallel with a YS/UTS ratios approaching a constant value of 0.95 for 
temperatures above 400 °C. The high strain hardening rate at low temperatures is due to the 
initially low YS, which is a result of the fine martensite crystals containing a very high density of 
mobile dislocations [29]. The change in deformation behavior (i.e. decrease in strain hardening) 
with increasing tempering is caused by a reduction of free dislocation length, as discussed 
earlier. Considering hardness, Figure 2.15 shows UTS as a function of Rockwell hardness (HRC) 
for a 43xx series of steels, including 4340 discussed above, tempered in the LTT regime. The 
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plot shows the excellent fit of a linear regression. The linear correlation between hardness and 
UTS suggests that hardness, a nondestructive test method, can reasonably estimate tensile 
strength after tempering regardless of carbon content or temper. 
 
 
Figure 2.13 Hardness of AQ and tempered martensite as a function of carbon content. 
Hardness increases with increasing carbon content and decreases with decreasing 
tempering intensity. Samples were tempered for 1 hour at the indicated 





Figure 2.14 Mechanical properties of 4340 steel as a function of tempering temperature. The 
steel was tempered for 1 hour at various temperatures. The crosshatched region 
represents LTT. From [67]. 
 
 
Figure 2.15 Tensile strength as a function of hardness for 43xx series of steels. The excellent 
fit of the linear regression, given by the R2 value, suggests that UTS can be 




2.4.3 Free Bend Testing 
 Another mechanical test used to study the effects of tempering on the performance of 
PHS grades is free bend testing. It is used to determine the susceptibility of a sheet metal to 
failure during a forming process involving bending or during crash deformation. The test is 
performed by depressing a sharp radius punch on a square specimen that rests on top of two 
frictionless rollers spaced a specified amount. During deformation, the area opposite the punch is 
loaded in tension and sustains the maximum strain in the specimen. The maximum strain at 
failure is known as fracture strain and can be measured using digital image correlation (DIC) and 
other methods [68]. Because martensitic PHS steels have relatively low strain rate sensitivity, 
fracture strains from bend tests can be correlated to the strain conditions in a crash event [68]. 
 Other useful information gained from free bend testing is bend angle. The bend angle at 
maximum load can be determined from displacement data collected during testing or from 
manual post-test measurements of samples after a force threshold is reached. Bend angle at 
maximum load represents the greatest bending deformation that the specimen can accommodate 
before a crack initiates in the area of maximum tensile strain (i.e. opposite the punch) [68]. This 
measure is a good indicator of the axial crash folding ability because post uniform deformation is 
not gauge length dependent. In other words, free bend testing accurately represents crash 
performance since sample geometry does not affect ductility. Conversely, post uniform 
elongation for tensile specimens is gauge length dependent. For example, necking in a short 
tensile specimen will appear to have greater post uniform elongation, relative to a long specimen, 
because the necked region comparably occupies more of the gauge. 
 Figure 2.16 shows axial crash test samples after impact which are used to measure axial 
crash folding ability. Crash folding ability, also known as the crash index, is quantified by 
estimating the crack length in a bent/buckled specimen after a component level axial impact 
test [69]. Figure 2.16(a) shows a sample with a high crash index because the metal can absorb 
more energy before failing and very few cracks are present. Conversely, a sample with a low 
crash index (Figure 2.16(b)) has many cracks indicating low energy absorption. 
 Bend angle correlates well with crash folding ability. As seen in Figure 2.17(a), 
Larour et al. found that the measured bend angle of a PHS steel correlated well with the crash 
index value and that it showed relatively small variation in results, unlike post uniform 
elongation in a tension test [69]. Similarly, Link and Hance performed axial crash tests using a 
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drop weight test setup and free bend tests on 980 class AHSS grades [70]. Figure 2.17(b) shows 
total crack length as a function of maximum bend angle from their study. Similar to 
Larour et al. [69], they found excellent agreement between axial crash testing and bend angle. 
The results of these studies [69, 70] suggest that bend angle is a valid method for evaluating 




Figure 2.16 Photographs of axial crash test specimen showing (a) low degree of cracking and 




Figure 2.17 Results of crash performance tests and free bending tests for (a) a PHS grade 
using crash index [69] and (b) for a 980 series AHSS using total crack length [70]. 




 Larour et al. evaluated the effects of tempering on bendability in a series of fully 
martensitic PHS steels tempered at temperatures ranging from 300 to 500 °C for 5 and 
10 min [69]. Figure 2.18 presents data from this investigation. Bend tests were terminated when 
the load decreased to zero. Results were compared to the fully hardened, as-quenched condition, 
shown at 20 °C on Figure 2.18. When tempering temperatures exceeded 300 °C, they observed a 
significant increase in bending angle and a reduction in cracks in the area of maximum strain. 
They also observed that YS increased after tempering at 300 °C but decreased significantly at 
higher temperatures. At 300 °C, samples showed a similar number of cracks as the as-quenched 
samples. Nonetheless, Figure 2.18 shows that bending angle steadily increased as tempering 
temperature increased up to a maximum at the highest time and temperature (500 °C for 10 min). 
 
 
Figure 2.18 Bend angle as a function of tempering temperature for hold times of 10 min. The 
as-quenched sample is indicated. Adapted from [69]. 
 
 Järvinen et al. investigated the influence of a paint baking process (170 °C for 20 min) on 
the bendability of novel PHS grades containing unique alloying additions [71]. They found that, 
in general, the short time, low temperature heat treatment increased the bending angle at 
maximum load but found large scatter between the studied steels. Scatter was attributed to 
variability in the coarse secondary phase particle content and the formation (or lack thereof) of a 
ferrite-rich decarburized subsurface layer. They concluded that superior bendability may be due 
to increased plasticity of martensite from BH treatment, improved local plasticity in the 
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subsurface region from soft ferrite (preventing strain localization in bending), reduced risk of 
void formation for samples without large inclusions, and microstructures consisting of fine prior 







 This chapter outlines the experimental procedures used to determine the bake hardening 
and tempering response of select AHSS grades. The materials selected for this project are 
presented, along with processing conditions and sheet thicknesses. Samples were subjected to 
prestraining and paint baking. Times, temperatures, and prestrains were chosen to reflect 
possible combinations of part forming strains and subsequent BIW paint baking 
times/temperatures observed in real-world automotive assembly plants. Mechanical testing was 
used to observe the response of the selected steels to these processing conditions. 
3.1 Materials 
 Five sheet steels with ultimate tensile strengths exceeding 1 GPa were selected for this 
study. Materials investigated were dual phase (DP) 1000, TRIP-aided bainitic ferrite (TBF) 1000 
and 1200,and press hardenable steels (PHS) 1500 and 2000. Number designations refer to 
minimum as-received (AR) ultimate tensile strengths in MPa. DP and TBF steels were 
industrially produced and tested in the uncoated condition. PHS steels were produced using 
laboratory scale hot stamping from blanks austenitized at 930 °C for 3.25 and 6.5 min for 
PHS 2000 and PHS 1500, respectively. PHS 1500 was initially Al-Si coated prior to heat 
treatment to prevent decarburizing. After hot stamping, the coating was mechanically removed 
via surface grinding. PHS 2000 was uncoated, austenitized in a controlled atmosphere, and then 
shot blasted after hot stamping to remove scale. Following austenitization, PHS blanks were 
transferred to water-cooled flat dies that imposed no significant deformation then quenched to 
form fully martensitic microstructures. Sheet thicknesses (THK in Table 3.1) were 1.00 mm 
(TBF 1000), 1.50 mm (DP 1000 and PHS 2000), and 1.56 mm (TBF 1200 and PHS 1500). The 
chemical compositions of the experimental steels are given in Table 3.1. Elements not reported 
in chemical analyses are shown as N/R in the table. 
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Table 3.1 – Chemical Compositions of Selected Steel Grades (wt pct) 
 THK [mm] C Mn Si Ni Cr Ti Al N S 
DP 1000 1.50 0.17 2.28 0.19 0.02 0.50 0.00 0.05 0.01 0.00 
TBF 1000 1.00 0.17 2.37 1.48 0.03 0.06 0.00 0.05 0.01 0.00 
TBF 1200 1.56 0.20 2.51 1.51 0.03 0.05 0.00 0.05 0.00 0.00 
PHS 1500 1.56 0.24 1.16 0.21 N/R 0.22 0.03 0.04 N/R 0.00 
PHS 2000 1.50 0.34 1.27 0.23 0.06 0.14 0.01 0.03 0.00 0.00 
  
 P B (ppm) Mo Cu Co Nb V W 
DP 1000 0.01 0 0.01 0.02 0.00 0.02 0.00 0.02 
TBF 1000 0.01 0 0.01 0.02 0.00 0.02 0.00 0.02 
TBF 1200 0.01 30 0.08 0.02 0.00 0.00 0.00 0.02 
PHS 1500 0.00 30 - N/R N/R N/R N/R N/R 
PHS 2000 0.01 20 0.02 0.01 0.02 0.04 0.01 0.01 
 
 
3.2 Bake Hardening Simulation 
 The automotive paint baking cycle was simulated using a range of industrially relevant 
times and temperatures. Mechanical testing was performed on DP and TBF specimens subjected 
to paint baking times ranging from 15 to 60 min, temperatures from 120 to 200 °C, and tensile 
prestrains from 0 to 5 pct. Times, temperatures, and prestrains were chosen to reflect possible 
combinations of stamping strains and paint baking times/temperatures observed in automotive 
manufacturing plants. Tests were also performed for these steels in the AR condition. Table 3.2 
shows the test conditions. Note that each mechanical test used select conditions from this table, 
which are stated in each result section. In this work, braces (or curly brackets) are used to 
designate specific prestrain/temperature/time conditions using the following convention: {x-y-z}, 
where x is prestrain in pct, y is temperature in Celsius, and z is time in minutes. 
 Press hardening, also known as hot stamping or hot press forming, eliminates the 
potential of springback by forming parts in the austenite phase, due to low flow stress at high 
temperatures, then immediately quenching the parts inside the die [72, 73]. Martensite is formed 
from the rapid cooling of the tool die using a thermal transfer medium (e.g. water). Because no 
additional part forming occurs after austenite is quenched to martensite, PHS 1500 and 
PHS 2000 were not experimentally prestrained and thus bake hardening assessed the low 
temperature tempering (LTT) of martensite [57]. These two steels were heat treated using the 
time/temperature conditions that exclude prestrain listed in Table 3.2. 
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 Thermal treatments for the five steels were performed in a hot oil bath using glycol-based 
heat transfer fluid. An oil bath was selected to ensure good thermal flux, reduced oxidation, and 
consistent temperature. Temperature was controlled within ±1 °C and was checked periodically 
using a thermometer with a precision of 0.1 °C for the duration of each heat treatment. A timer 
was started when the samples were placed in the bath. When the timer expired, samples were 
immediately quenched in water. It is assumed that specimens immediately reached the baking 
temperature once placed in the bath. Therefore, the times in Table 3.2 represent the total time at 
temperature for a given condition.  
 
Table 3.2 – Test Matrix for DP, TBF, and PHS (No Prestrain) 
 
Temperature [°C] Time [min] Prestrain [pct] T[K]* (11.8+logt[s]) 
AR AR AR - 
120 20 0 5850 
120 20 2 5850 
160 15 0 6390 
160 15 2 6390 
160 15 5 6390 
160 60 0 6650 
160 60 2 6650 
160 60 5 6650 
170 20 0 6590 
170 20 2 6590 
170 20 5 6590 
200 15 0 6980 
200 15 2 6980 
200 15 5 6980 
200 60 0 7270 
200 60 2 7270 
200 60 5 7270 
 
3.3 Tempering Parameter 
 Times and temperatures listed in Table 3.2 were used to obtain an equivalent tempering 
parameter (TP). A common method to assess martensite tempering and the effect of both time 
and temperature on mechanical properties is to combine time and temperature into a single 
variable. In 1945, Hollomon and Jaffe [74] were able to construct a method for calculating, for 
40 
 
any steel, the temperature necessary to temper to a desired hardness for a selected time or, 
conversely, the time necessary to temper to a desired hardness at a selected temperature. While 
not an absolute measurement, they understood that hardness was an easily accessible method and 
a widely used indication of the degree of tempering. Their investigation systematically studied 
the effect of carbon content on fully quenched steels tempered over a wide range of times at 
temperatures ranging from room temperature to the AR1 temperature. They found that a 
functional relationship held for all appropriate tempering data. Assuming that tempering is a 
diffusion-related process, they derived the relationship given by Equation (3.1) from an 
Arrhenius-type equation: 
 
 𝐻 = 𝑓(𝑇(𝑐 + log 𝑡)) (3.1) 
 
where 𝐻 is hardness, 𝑇 is temperature in Kelvin, 𝑐 is a constant, and 𝑡 is time in seconds. It was 
found that the constant 𝑐 is moderately dependent on steel grade, and that a value of 𝑐 between 
10 and 16 introduces a hardness error on the order of 1 HRC on the Rockwell C scale. In this 
study, a value of 11.8 was chosen based on previous studies [67]. The multiplying effect of 
temperature with the log of time reflects the greater importance of temperature on producing 
diffusion-dependent microstructural changes [75]. One limitation of Equation (3.1) is with 
alloyed steels: tempering alloyed steels at higher temperatures may lead to secondary hardening 
and other mechanisms which are not accounted for by this equation [57, 75]. 
3.4 Mechanical Testing 
 The following subsections outline test set ups and procedures for each mechanical test 
used in this investigation, as well as definitions of mechanical properties. Mechanical testing 
included uniaxial tension testing, free bend testing, and microhardness testing. Sample 
preparation, test fixture set up, and equipment selection were performed in close observation of 
applicable testing standards. Microhardness testing was used to observe the effect of paint baking 




 Tensile Testing 
 Tensile samples were manufactured via wire electrical discharge machining (EDM) to 
produce ASTM E8 sheet-type standard size specimens [76]. Length of reduced parallel section 
and width were machined to 57.15 mm and 12.7 mm, respectively. Width and thickness were 
subsequently verified and recorded using a micrometer capable of 0.001 mm precision. 
Machining was done with the gauge length (tensile axis) parallel to the rolling direction. 
Uniaxial tensile testing followed ASTM E8 standards and was performed on a 
displacement-controlled MTS® Alliance RT/100 electromechanical load frame using 
TestWorks 4® software. Load data were measured with a load cell rated to 89 kN. A crosshead 
speed of 1.25 mm/min was chosen to generate a quasi-static engineering strain rate of 
approximately 3.7x10-4 s-1. A clip-on extensometer configured with a total gauge length of 
50.8 mm was used to collect displacement data. The extensometer featured knife edge-type grips 
and used rubber bands to secure to tensile samples. Double-sided tape was attached on the 
surface of the tensile bars, in the area of each knife edge, to prevent the extensometer from 
slipping during testing. 
 A minimum of three test replicates were performed for each condition listed in Table 3.2.  
Engineering stress and engineering strain data were determined, respectively, using initial 
micrometer measurements of width and thickness (i.e. cross-sectional area) and extensometer 
gauge length. Figure 3.1 illustrates the mechanical properties obtained from engineering data 
including yield strength (YS – continuous yielding) or upper and lower yield strength (UYS and 
LYS – discontinuous yielding), ultimate tensile strength (UTS), total (elastic + plastic) uniform 
elongation (UE), and total (elastic + plastic) elongation (TE). 
 To prevent figures from becoming cluttered in the results chapter, only one representative 
engineering stress-strain curve per condition is presented on a plot. However, tensile properties 
of each individual test were included to assess bake hardening behavior and changes in ductility. 
For each condition, an average and standard deviation were determined from properties of all the 




Figure 3.1 Schematic of an engineering stress-strain curve highlighting tensile strength and 
ductility properties. Total UE and TE are composed of plastic and elastic 
components.  
 
 Free Bend Testing 
 Free bend testing was selected to evaluate crash performance and formability because 
results have been shown to correlate well with data from drop-tower testing (axial impact 
testing), as discussed in Section 2.4.3. Testing was performed on a displacement controlled 
Instru-Met® ReNew 1125 electromechanical load frame running TestWorks 4 software. Tests 
conformed to the VDA238-100 standard [77]. Samples were machined into 60 mm x 60 mm 
squares using EDM. Due to good edge finish from this machining method, samples did not 
require finishing to remove burrs and were tested in the as-machined condition. Figure 3.2 
presents schematic illustrations of the bending apparatus. Figure 3.2(a) shows that samples were 
positioned symmetrically on two frictionless rollers such that the punch and bending line were 
parallel to the rolling direction. The diameter of both rollers is 30.9 mm and the rollers were 
separated by 3.5 mm, as shown in Figure 3.2(b). The punch, having a radius of 0.4 mm, traveled 






Figure 3.2 Schematics of testing apparatus used for free bend testing showing (a) rolling 
direction of sheet relative to the rollers and punch and (b) fixture geometry. All 
dimensions are in mm. STK is nominal sheet thickness. Adapted from [77]. 
 
 During testing, crosshead displacement data were recorded and used to calculate bending 






⎢⎡− tan (𝑅 + 𝑎) −









 𝑔 = 𝑅 + 𝐿2 + (𝑅 + 𝑎 − 𝑆)  (3.3) 
 





𝑖 = (𝑅 + 𝑎) − 2(𝑅 + 𝑎) ∗ 𝑅 + 𝐿2 − [(𝑅 + 𝑎 − 𝑆) ∗ (𝑅 + 𝑎) ]+ (𝑅 + 𝑎 − 𝑆) ∗ 𝑅 + 𝐿2 + 𝑅 + 𝐿2  (3.5) 
 
and 𝑅 is the roller radius, 𝑎 is the sample thickness, 𝑆 is the punch stroke at maximum load, and 𝐿 is the spacing between the rollers, in mm. 
 Two AR bend samples, one PHS 1500 and one PHS 2000, were polished to study surface 
effects on bendability. Each sample was hand-ground using a progressively finer grit abrasive 
paper until scratches from each previous step were remove. Final polishing steps used 6 and 
3 µm diamond suspension on a high napped polishing pad. Polishing was complete when no 
noticeable scratches or pits were visible by eye. 
 Microindentation Hardness Testing 
 The paint baking response of the PHS grades was also evaluated with microindentation 
hardness testing, commonly referred to as microhardness testing. Samples paint baked in oil 
baths were cut, mounted, and polished to prepare surfaces suitable for testing. Hardness samples 
were cut using a LECO® MSX205 metallographic saw. Cutting fluid was used to prevent heat 
buildup in the area of the cut. Samples were then cold mounted in an epoxy resin with the 
orientation shown in Figure 3.3 such that hardness measurements were taken normal to the 
rolling direction at mid-thickness. Cold mounting was selected to minimize heat input to samples 
because hot-mounting presses cure phenolic resin, such as Bakelite, under high pressure at 
approximately 180 °C for 15 min, which is in the range of paint baking times and temperature 
used in this study. While cold mounting resins produce heat from exothermic reactions during 
polymerization, this heat input to the sample is considerably less than hot-mounting and, for the 
purpose of this study, is assumed to be nil. After the resin fully cured, mounts were ground on a 
rotating grinding wheel with 120 grit paper for 7 to 10 min to fully remove damage from cutting. 
Finally, mounts were ground and polished to a mirror-like finish with the final polishing step 





Figure 3.3 Schematic of hardness sample and mount. Indents were taken at approximately 
the centerline of the sample normal to the rolling direction (RD).  
 
 Following the ASTM E384 standard for microindentation hardness of materials [78], 
samples were tested using a LECO LM310AT automated microhardness tester equipped with a 
filar-type eyepiece and a Vickers square-based pyramid indenter. Mounts were secured in the 
tester such to keep the axis of the indent perpendicular to the sample surface. An angle greater 
than 2° from normal has been found to be a significant source of instrument error for 
microindentation testing [79]. Because bulk hardness was of interest for this study, a testing load 
of 500 gf was used. Although Vickers hardness values are generally independent of load, it has 
been shown that the accuracy of the test improves as load increases for both macro- and 
microhardness tests, especially on hardened steels [79]. In accordance with ASTM E384, the full 
test force was applied for 15 s and indents were spaced a minimum of 2.5 Vickers diagonals 
apart. If a hardness reading was considerably low or high, the indent was remeasured or another 
indent was made. 
3.5 Data Analysis 
 Information collected from mechanical testing experiments, such as tensile testing, 
required further data processing. The following subsections outline data analysis methods used to 
quantify bake hardening response and to observe changes in yielding behavior. Because a large 
amount of data were collected from each individual test, the numerical computing software 
Matlab® was used to expedite processing and calculations. 
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 Assessment of Bake Hardening: BHx and ∆σ 
 The strengthening effect due to the paint baking operation is quantified using the bake 
hardening index, BHx, which is measured as the difference between the lower yield stress, σa, 
after baking at a certain time and temperature and the flow stress, σf, at the end of x pct 
prestrain [32-34]. For example, BH0 is the bake hardening response in the unstrained (no 
prestrain) condition; BH2 and BH5 are baking responses after 2 and 5 pct prestrain, respectively. 
Figure 3.4(a) schematically shows how BHx is calculated for a material that exhibits 
discontinuous yielding (i.e. a yield point drop). Engineering stress after paint baking was 
determined using the original cross-sectional area (i.e. measured prior to prestraining) to prevent 
a reduction in area after prestrain from inflating post-BH results. This has been shown to be 
substantial when prestrains exceed 5 pct and a significant decrease in cross-sectional area can be 
expected [53, 54]. Furthermore, UE and TE elongation measurements exclude strain from 




Figure 3.4 Measurement of BH and ∆σ response for TBF 1000 after 2 pct prestrain and 
baked at (a) 170 °C for 20 min with discontinuous yielding and (b) 120 °C for 
20 min with continuous yielding. This figure uses experimental data to illustrate 




 The absence of a yield point phenomenon after prestraining and baking makes 
determination of BH difficult. If no distinct yield point exists, the 0.2 pct offset yield strength 
(YS) method is used to determine σa according to ASTM E8. Figure 3.4(b) shows how BHx is 
calculated in the absence of a marked yield point elongation. This figure also shows, however, 
that valuable information about the BH behavior may be lost using this method if a high rate of 
work hardening (WH) contributes a significant portion to BH [38, 52]. For this reason, 
Waterschoot et al. [38] suggested an alternative approach to assess BH response: a flow curve 
after prestraining and baking (offset by the prestrain amount) is superimposed on an unaged flow 
curve. The difference between these two curves (i.e. prestrained and baked curve minus unaged 
curve) results in a ∆σ value for a given strain, as shown in Figure 3.4(b). A ∆σ curve can then be 
constructed for all strains. The maximum of the ∆σ curve, hereafter referred to as ∆σmax, is taken 
as a measure of the increase in YS due to strain aging only. As an example, ∆σmax is equal to 
BH2 if a clear yield point is observed, as shown in Figure 3.4(a). Both methods, BHx and ∆σ, 
were used to analyze data. 
 For a given condition, there are nine possible combinations to subtract three bake 
hardened curves from three AR curves. All nine ∆σ curves were constructed and maximum 
difference (∆σmax) for each was calculated giving an average and standard deviation for that 
condition. Each ∆σ curve displayed in the results chapter is an average of all curves. 
 True Stress – True Strain 
 Load-Displacement data were also converted to true stress-strain data. Having assumed 
constancy of volume and a homogeneous distribution of strain along the gauge length of the 
tensile sample, Equations (3.6) and (3.7) [80] were used, respectively, to convert engineering 
stress to true stress and engineering strain to true strain: 
 
 𝜎 = 𝑃𝐴 = 𝑃𝐴 (𝑒 + 1) = 𝑠(𝑒 + 1) (3.6) 
 




where 𝜎 and 𝜀 are true stress and true strain, respectively; 𝑃 is the load at any instant; 𝐴 is 
instantaneous area; 𝐴  is initial cross-sectional area; 𝐿 is instantaneous gauge length; 𝐿  is initial 
gauge length; and 𝑠 and 𝑒 are engineering stress and strain, respectively. The final forms of these 
equations are only valid until the onset of necking whereupon instantaneous measurements of 
load and cross-sectional area (𝑃 and 𝐴) must be used. Nevertheless, true stress-strain data 
derived from Equations (3.6) and (3.7) were used to determine strain hardening up to the point of 
instability. 
 Strain Hardening Analysis 
 Strain hardening, sometimes shown mathematically as 𝑑𝜎/𝑑𝜀, plotted as a function of 
true strain provides useful information on the change from continuous to discontinuous yielding, 
as discussed in the next subsection. Consequently, to calculate strain hardening, true stress-strain 
data were numerically differentiated using a three point forward method for unequally spaced 
points given by Equation (3.8): 
 
 




 ∆𝜀 = 𝜀 − 𝜀   and  ∆𝜀 = 𝜀 − 𝜀  (3.9) 
 
and 𝜎 and 𝜀 have their usual meaning for true stress and true strain. The subscript letter 𝑖 refers 
to an index, or location, of the differentiation, while the subscript letters 𝑖 + 𝑎 and 𝑖 + 𝑏 are 
values of stress or strain taken some distance 𝑎 and 𝑏 away from the location of 𝑖. Note that 𝑎 is 
always less than 𝑏. For this analysis, the exact values of 𝑎 and 𝑏 were arbitrary but the 
magnitude influenced the error of the calculation. However, numerically differentiating true 
stress and true strain was non-trivial because any scatter (i.e. noise) in the data was amplified 
when differentiated, especially for small values of 𝑎 and 𝑏. As an example, Figure 3.5 shows an 
AR PHS 1500 strain hardening curve that was calculated with Equation (3.8) using small values 
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of 𝑎 and 𝑏 (e.g. 5 and 10) superimposed on a true stress-strain plot. The strain hardening rate 
intersects the true stress-strain curve several times making usefulness of the evaluation limited. 
 
 
Figure 3.5 Strain hardening rate superimposed on a true stress-strain plot. Data was taken 
from AR PHS 1500. The noise seen in strain hardening data was a result of the 
amplifying effect of numerical differentiation. 
 
 Two methods were explored to minimize the scatter in the numerically differentiated 
data. The first approach was to hand-fit a smooth, differentiable function to a small section of 
data then differentiate the regression. Based on the excellent statistical fit of polynomials with 
these small sections, this method was deemed ideal for finding the intersection point between 
strain hardening and stress-strain curves to find tensile strength at instability, for example. 
However, this method would be impractical for large, complex data sets requiring numerous 
regressions fit to small sections. The second method was to continue using the three point 
forward method but selecting data points further away from each other (i.e. large values for 𝑎 
and 𝑏), then smoothing the data with a built-in smoothing function in Matlab. This was effective 
in significantly reducing the noise of the data and was chosen for plotting strain hardening as a 
function of true strain. Figure 3.6 illustrates this result using the same stress-strain data presented 
in Figure 3.5 above but with an 𝑎 and 𝑏 of 60 and 120, respectively, and smoothing. Note, 
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however, that error was introduced by increasing 𝑎 and 𝑏 and through the smoothing function 
due to averaging effects but was deemed acceptable considering that only qualitative trends in 
yielding behavior and strain hardening were compared, outlined in the next section. 
 
 
Figure 3.6 Strain hardening rate superimposed on a true stress-strain plot. The same 
stress-strain data as Figure 3.5 were used, but strain hardening was calculated 
with larger values of 𝑎 and 𝑏. Data was smoothed with a Matlab smoothing 
function. 
 
 Modeling Yielding and Strain Hardening Behavior 
 Deformation behavior is commonly modeled with an idealized mathematical stress-strain 
equation to simplify discussion of strain hardening. The most recognized stress-strain equation is 
the Hollomon equation [81]: 
 𝜎 = 𝐾𝜀  (3.10) 
 
where 𝜎 is true stress, 𝐾 is the strength coefficient, 𝜀  is plastic true strain, and 𝑛 is the 
strain-hardening exponent. Equation (3.10) models the flow curve in the region of uniform 
plastic strain by a simple power curve relation. Deviations from the Hollomon equation are often 
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observed for “non-ideal” materials. Several equations have been derived to model such 
deviations and amplify distinct regions of strain hardening, with a common variation being given 
by Ludwik [82]: 
 
 𝜎 = 𝜎 + 𝐵𝜀  (3.11) 
 
where 𝜎 is true stress, 𝜎  is the yield stress, 𝐵 and 𝑚 are empirical parameters, and 𝜀  is the 
plastic component of true total strain. Following Equation (3.11), the stages of strain hardening 
can be delineated by differentiating using Equation (3.8) and rewriting, using logarithm rules, 
such that: 
 
 𝑙𝑜𝑔 𝑑𝜎𝑑𝜀 = 𝑙𝑜𝑔(𝐵𝑚) + (𝑚 − 1) ∙ 𝑙𝑜𝑔 𝜀  (3.12) 
 
 A Jaoul-Crussard plot [83, 84] is a log-log plot of strain hardening as a function of true 
plastic strain. According to Equation (3.12), a material that follows the Ludwik equation will 
yield a straight line with slope (𝑚 − 1). This procedure is particularly sensitive to variations in 
strain hardening at low strains. For example, when stress-strain curves transition from continuous 
to discontinuous, the trend will no longer be linear.  
3.6 Microstructural Characterization 
 Metallography principles were used to prepare samples for microscopic and topographic 
investigation. The following sections detail the methods used to prepare and examine samples. 
Light optical microscopy (LOM) and scanning electron microcopy (SEM) were used to image 
microstructures and profilometry was used to measure surface roughness. These techniques were 
employed to relate microstructure to mechanical behavior after paint baking. 
 Light Optical and Scanning Electron Microscopy 
 LOM and SEM microscopy were performed on samples in the AR and select paint 
baking conditions. Sample preparation for both techniques was initially the same for all 
specimens. Samples were hot mounted in Bakelite such that the observed surfaces were normal 
to the rolling direction. Mounts were hand-ground on 120 grit paper for 7–10 min to remove 
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damage from cutting and to make surfaces planar. Next, mounts were ground and polished on a 
LECO GPX300 automatic polisher to a final polishing step of 0.5 µm diamond suspension on a 
Lecloth. SEM samples were further polished using 0.05 µm diamond on an automatic polisher 
followed by 7 hr on a Buehler VibroMet™ 2 vibratory polisher using 0.05 µm colloidal silica. 
All samples, LOM and SEM, were cleaned thoroughly after each grinding/polishing step to 
prevent contamination then viewed on a LOM to ensure that polishing artifacts (e.g. scratches 
and pits) from previous steps were removed. 
 Microstructures were revealed by etching, which occurs by electrolytic action 
(i.e. corroding) due to different chemical potentials at structural variations on the sample 
surface [85]. Metallographic contrast was produced by selective dissolution of ferrite grain 
boundaries and of ferrite-cementite phase boundaries with a nital etchant. Nital, which is a 
solution of nitric acid (HNO3) and ethyl alcohol (C2H6O), was produced with a concentration of 
2% nitric acid by volume. Samples were swabbed with a nital-soaked cotton ball for 5–10 s to 
get the desired contrast for LOM or SEM.  
 LOM micrographs were captured on an Olympus® PMG3 microscope using a Pax-it!™ 
camera and complementing software. Aperture, light emission, and focus were adjusted to 
maximize resolution between different phases without losing contrast. Magnification was limited 
to 500x because resolution of the microscope decreased above this power. SEM images were 
taken on a JEOL® 7000 field emission SEM (FESEM) operating with an accelerating voltage of 
20 kV, a probe current of 8 pA, and a working distance of 10 mm. 
 3D Optical Profilometry 
 Variations in surface roughness, which may affect bending angle, were measured with a 
WYKO® NT2000 optical profiler. Roughness is measured using an interference pattern [86]. 
Light travels through an optic assembly and is split into two beams: the reference beam and the 
test beam. The reference beam is reflected by a ultra-smooth reference mirror in the objective 
into charge-coupled device (CCD) camera. The other beam (the test beam) reflects from the 
surface of the sample back to the objective. Assuming the surface of the sample is in focus, the 
two light beams recombine to form the interference pattern consisting of light and dark bands 
called fringes. The number of fringes and their spacing depend on the relative tilt between the 
sample and reference mirror. The interference is captured by the CCD camera and roughness is 
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quantified by the WYKO Vision32® software. Roughness measurements for this project were 
recorded using the vertical scanning interferometry (VSI) mode capable of 3 nm resolution. 
Scans were made using a 1.5x objective with a 1.0x field of view (FOV). The primary scan had 
both a backscan and length of 20 µm. Modulation threshold, which determines the acceptable 
signal-to-noise level for which a given pixel is considered valid, was set at 1 pct. 
 Samples were prepared for the profiler by thoroughly cleaning. Samples were rinsed with 
soap and water then placed in an ultrasonic cleaner containing ethyl alcohol for 10 minutes. 
Before taking a series of measurements, the profiler system was calibrated with an error of less 
than 0.5 pct. After calibration, samples were placed on the equipment stage and scanned in VSI 
mode. Roughness measurements are typically reported as averages and/or extreme values [86]. 
For this project, average roughness is reported as Ra, which is the mean height calculated over 
the entire measurement area. Extreme values are reported as Rz, the average maximum height of 
the profile, calculated as the average of peak-to-valley distances over the entire area of the scan. 
Each sample was scanned in a minimum of five separate areas. Reported Ra and Rz values are an 





RESULTS AND DISCUSSION 
 
 Part forming strains and paint baking times and temperatures are responsible for strain 
aging mechanisms that alter mechanical properties, as discussed in Chapter 2. Variations in these 
parameters influence the strengthening response and ductility of AHSS. This chapter details how 
selected prestrains, times, and temperatures strengthen DP and TBF steels as quantified by the 
bake hardening index, BHx, and maximum strength increase, ∆σmax. Additionally, the LTT 
response of martensitic PHS grades was investigated using the same range of times and 
temperatures as in the bake hardening study. Mechanical properties were evaluated using 
uniaxial tensile, bend, and microhardness testing methods described in Chapter 3. Properties are 
presented as a function of tempering parameter and prestrain. Error bars in this chapter represent 
one standard deviation. Bake hardening and LTT responses of the various grades are analyzed as 
a function of microstructure and alloying. 
4.1 As-Received Properties and Microstructure 
 All steel grades were tensile tested in the AR condition. Figure 4.1 shows representative 
engineering stress-strain curves and Table 4.1 summarizes average YS, UTS, UE, and TE values 
for each experimental material. As previously mentioned, material number designation refers to 
minimum AR UTS. The DP and TBF grades were each within 15 MPa of their respective 
designation. DP 1000 and TBF 1000 had similar UTS values despite significantly different YS, 
reflecting differences in strain hardening behavior. The press hardened grades, however, 
exceeded their strength designations by 92 MPa (PHS 1500) and 112 MPa (PHS 2000). Despite 
the large difference in UTS, PHS 1500 and PHS 2000 had similar TE. Figure 4.1 shows that the 






Figure 4.1 Engineering stress-strain curves for as-received DP 1000, TBF 1000, TBF 1200, 
PHS 1500, and PHS 2000. 
 
Table 4.1 – As-Received Tensile Properties of All Steel Grades  
 
Steel Grade YS [MPa] UTS [MPa] UE [pct] TE [pct] 
DP 1000 736 998 9.9 15.4 
TBF 1000 623 1015 18.2 23.3 
TBF 1200 905 1212 13.0 17.7 
PHS 1500 1184 1592 4.9 7.9 
PHS 2000 1432 2115 5.7 7.9 
 
 Microstructures of AR steels were investigated with LOM and SEM using the techniques 
presented in Section 3.6.2. Samples were etched using 2 pct nital. All micrographs were taken 
along the long transverse direction, normal to the through-thickness and longitudinal (rolling) 
directions. Figures 4.2, 4.3, and 4.4 show LOM and SEM micrographs of DP 1000, TBF 1000, 
and TBF 1200, respectively. The microstructure of DP 1000 shown in Figure 4.2(a) is 
characterized by fine ferrite grains and martensite islands between 1 and 5 µm, with occasional 
large grains/islands upwards of 10 µm. Microstructural banding is evident using low 
magnification LOM. Bands are oriented parallel to the sheet rolling direction. The high 
magnification SEM image in Figure 4.2(b) shows that DP 1000 has a mixture of martensite (αm), 
ferrite (α), and possibly retained austenite (γ). 
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 TBF 1000 is shown in Figure 4.3. The low magnification LOM micrograph in 
Figure 4.3(a) shows grain banding parallel to the rolling direction. Bands are approximately 
3-5 µm wide. At higher magnification, Figure 4.3(b) shows that TBF 1000 has a microstructure 
predominantly of bainitic ferrite (αb) with retained austenite, along with some martensite and 
equiaxed ferrite. Bainite likely formed at low austempering temperatures as indicated by the 
precipitation of carbides within the ferrite laths. The microstructure of TBF 1200 (Figure 4.4) is 
similar to TBF 1000 but banding is less evident as shown by the LOM image in Figure 4.4(a). 
Also, Figure 4.4(b) shows that TBF 1200 appears to contain a higher volume fraction of 
martensite and less ferrite which likely accounts for the higher strength.  
 Microstructures of hot stamped PHS 1500 and PHS 2000 are presented in Figures 4.5 
and 4.6, respectively. Figure 4.5 shows a LOM micrograph of PHS 1500 highlighting packet 
sizes. Figure 4.6 shows an SEM micrograph of PHS 2000. Like PHS 1500, the microstructure 




Figure 4.2 (a) LOM and (b) SEM micrographs of as-received DP 1000 with constituent 





Figure 4.3 (a) LOM and (b) SEM micrographs of as-received TBF 1000. Samples were 





Figure 4.4 (a) LOM and (b) SEM micrographs of as-received TBF 1200. Samples were 




Figure 4.5 LOM micrograph of as-received PHS 1500. Sample was etched with 2 pct nital. 
 
 
Figure 4.6 SEM micrograph of as-received PHS 2000. Sample was etched with 2 pct nital. 
 
4.2 Bake Hardening Results 
 Tensile testing and data analysis were completed using the experimental procedures 
outlined in Chapter 3. Results are presented below for the five grades and are organized based on 
microstructure and strength as follows: DP 1000, TBF 1000, TBF 1200, PHS 1500, and 
PHS 2000. Steels were prestrained and baked using the test matrix found in Table 3.2. Data are 
presented in several formats including engineering stress-strain curves, ∆σ strain aging curves, 
BHx and ∆σmax as a function of tempering parameter and prestrain, and Jaoul-Crussard strain 
hardening plots. Average values and standard deviations for all steels and conditions, including 
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those found in the text, are provided in Appendix A. Some plots, such as Figure 4.8(b) highlight 
general trends but do not label all curves. Appendix B provides expanded plots that clearly label 
all curves for these instances. 
4.2.1 Bake Hardening Response of DP 1000 
 Load-displacement data for DP 1000 were collected after prestraining 0, 2, and 5 pct and 
baking, then converted to engineering stress-strain data. Considering first the 0 pct prestrain 
condition, Figure 4.7(a) plots stress-strain curves for all time-temperature conditions. 
Figure 4.7(b) expands the curves in the region of yielding and illustrates that the highest and 
longest temperature/time (200 °C, 60 min) led to discontinuous yielding followed by a reduction 
in strain hardening compared to AR. Recorded YS for {0-200-60} was 849 MPa resulting in a 
BH0 of 113 MPa and ∆σmax of 165 MPa. Other samples tested in the unstrained and baked 
condition did not exhibit discontinuous yielding, but did, however, show an appreciable increase 
in YS followed by a decrease in strain hardening. 
 Figure 4.8(a) shows tensile properties of unstrained and baked DP 1000 plotted as a 
function of tempering parameter. Yield strength continuously increased as baking 
time/temperature (i.e. tempering parameter) increased. On the other hand, UTS remained 
relatively unchanged. Strain hardening decreased with increased baking time and temperature as 
reflected by the increasing YS/UTS ratio. To further illustrate this effect, Figure 4.8(b) plots 
strain hardening rates as a function of the plastic component of strain on log-log axes in the 
manner of Jaoul-Crussard as discussed in Chapter 3. At a given strain level, increasing time and 
temperature decreased strain hardening rate. This behavior is amplified for low plastic strains. 
However, despite increases in YS and decreases in strain hardening for these samples, 
Figure 4.7(a) and Figure 4.8(a) show that tensile ductility was relatively unaffected. The greatest 
decrease in UE and TE, from the lowest to the highest tempering parameter, was 9.5 to 8.3 pct 








Figure 4.7 (a) Engineering stress-strain curves for unstrained DP 1000 for all paint baking 
conditions. All tests showed similar ductility. (b) Expanded stress-strain curves 
highlighting changes in yielding. The largest increase in yield strength was 






Figure 4.8 (a) Tensile properties of unstrained DP 1000 as a function of tempering parameter 
with AR properties highlighted. (b) Log-log plot of strain hardening rate versus 
plastic strain. 
 
 Strengthening responses of DP 1000 samples after simulated paint baking without 
prestrain were also evaluated using ∆σ bake hardening curves (and corresponding ∆σmax) and 
BHx. Figure 4.9 illustrates how strengthening varies as a function of time and temperature. Bake 
hardening curves shown in Figure 4.9(a) increase with increasing time and temperature. The ∆σ 
curve which exhibited maximum strengthening across most strain levels was recorded for 
{0-200-60}. The location of ∆σmax, with respect to strain, was similar for all conditions and 
approximately 0.004. Figure 4.9(b) demonstrates the strengthening response of DP 1000 as a 
function of tempering parameter. As expected, strengthening (∆σmax and BH0) increased 
monotonically with increasing tempering parameter. At {0-200-15} (TP=6980), the slopes of the 
strengthening curves appear to increase. This upward inflection may indicate the beginning of 
the third stage of bake hardening for DP steels, outlined by Waterschoot et al. [38], which 
corresponds to martensite tempering and large strength increases. At the highest 
time/temperature (TP=7270), respective values are 113 MPa for BH0 and 165 MPa for ∆σmax. 
The two measures were similar for all conditions except at the highest time and temperature. The 
observed differences in ∆σmax and BH0 may be due to the change in yielding behavior from 






Figure 4.9 Strengthening response of DP 1000 (a) presented as ∆σ curves as a function of 
engineering strain and (b) showing ∆σmax and BH0 increasing with increasing 
tempering parameter. 
 
 Introducing 2 pct prestrain prior to the heat treatment significantly increased YS strength 
and produced yield point phenomena after aging. Figure 4.10 shows an engineering stress-strain 
curve for each 2 pct prestrained and aged condition superimposed with an AR test. For clarity, 
stress-strain data for each prestrained sample prior to aging have been intentionally omitted from 
the figure as properties essentially mirrored the AR curve up to 2 pct strain. The highest 
temperature, longest time test condition showed the most pronounced YPE of over 3 pct strain. 
Figure 4.11 shows strengthening responses measured using ∆σ bake hardening curves (and 
corresponding ∆σmax) and BH2. Figure 4.11(a) plots ∆σ as a function of engineering strain for all 
2 pct prestrain conditions. Like the unstrained conditions, the bake hardening curves increased 
with increasing baking time and temperature. However, ∆σmax is reached almost immediately 
without strain delay, unlike the unstrained conditions, which is indicative of the sharp transition 
from elastic to plastic behavior. Figure 4.11(b) plots ∆σmax and BH2 as a function of tempering 
parameter. The smallest increase in strength was recorded for {2-120-20} and was approximately 
45 MPa for both ∆σmax and BH2. Conversely, the greatest increase was for {2-200-60} resulting 
in a BH2 of 108 MPa and ∆σmax of 130 MPa. At higher tempering parameters the two curves 





Figure 4.10 Engineering stress-strain curves of DP 1000 after 2 pct prestrain and baking with 




Figure 4.11 Strengthening response of DP 1000 after 2 pct prestrain and baking. Increasing 
time and temperature increased strengthening response for (a) all strains and (b) 




 Plotting tensile properties as a function of tempering parameter for the 2 pct prestrained 
samples, Figure 4.12(a) shows that with tempering parameter both the YS and UTS increase and 
the difference between YS and UTS decreases indicating that the YS/UTS ratio significantly 
increased, especially at larger tempering parameters, compared to the AR condition. After 
yielding, the tensile curves shown in Figure 4.10 are essentially horizontal after baking compared 
to the AR curve. Consequently, strain hardening diminished for the 2 pct prestrain conditions as 
shown in Figure 4.12(b) for true plastic strains outside the YPE. Strain hardening decreased 
substantially at the shortest time/lowest temperature {2-120-20} (TP=5850) relative to the AR 
condition, and decreased with increased aging. The {2-200-60} (TP=7270) condition had the 
lowest strain hardening for all 2 pct prestrain conditions. With respect to ductility, Figure 4.12(a) 
shows that UE decreased substantially with increased aging, from 7.4 pct at {2-120-20} 
(TP=5850) to 4.7 pct at {2-200-60} (TP=7270). TE showed similar decreases. Relative to AR, 
UE of the {2-200-60} (TP=7270) condition decreased by over 50 pct from 9.9 pct (AR) to under 




Figure 4.12 (a) Tensile properties with AR values highlighted and (b) select strain hardening 






 Increasing prestrain to 5 pct again led to increased strength gains after baking compared 
to the unstrained conditions. Figure 4.13 shows engineering stress-strain curves for each 5 pct 
prestrain condition superimposed with an AR test. Yield strength values for all baking conditions 
at this prestrain level were determined using the 0.2 pct offset strain method because no yield 
point phenomena were observed. Samples appeared to yield and then transition directly to 
post-uniform instability until failure with very limited ductility due to significantly reduced strain 
hardening. Figure 4.14(a) reflects this behavior because UTS and YS curves are closely spaced 
and nearly parallel, and strain hardening rates shown Figure 4.14(b) are significantly lower than 
AR. With respect to ductility, Figure 4.14(a) shows the substantial decrease in UE and TE 
(excluding prestrain). Ductility was lowest for this prestrain level compared to 0 and 2 pct 
prestrain for the same aging time and temperature. Uniform elongation after baking was 
approximately 1 pct for all time/temperature conditions. The {5-160-15} (TP=6600) condition 
had the greatest TE of 6 pct, as shown in Figure 4.13. It should be noted that samples for the 
{5-200-60} (TP=7270) condition failed at the fillet of the tensile specimen and outside the 
extensometer. Therefore, this condition has been omitted from remaining results and discussion. 
 
 
Figure 4.13 Engineering stress-strain curves for DP 1000 after 5 pct prestrain with an AR 






Figure 4.14 (a) Tensile properties with AR values highlighted and (b) strain hardening 
behavior of DP 1000 after 5 pct prestrain. 
 
 Bake hardening response was again plotted as a function of strain and tempering 
parameter. Figure 4.15(a) demonstrates how ∆σ bake hardening curves varied with strain for 
times ranging from 15 to 60 min and temperatures from 160 to 200 °C. The shapes of these 
curves reflect the shapes of the stress-strain curves found in Figure 4.13. Like the curves from 
the 2 pct prestrain conditions, ∆σmax was reached almost immediately without strain delay. The 
greatest increase in strength was for the highest temperature, longest time baking condition. This 
effect is also shown in Figure 4.15(b) in which ∆σmax and BH5 are plotted as a function of 
tempering parameter. Both measures increased with increasing tempering parameter. However, 
at {5-160-60} (TP=6650), a downward inflection (i.e. decrease in slope) was shown which may 
indicate that a strength plateau was reached. This plateau may correspond to the third stage of 
bake hardening of a DP steel, outlined by Waterschoot et al. [38], which is a result of martensite 
tempering. For all conditions, ∆σmax was greater than the bake hardening index. Differences were 
typically 20 MPa but as much as 30 MPa for {5-200-15} (TP=6980). The almost nonexistent 
strain hardening of the DP samples after yielding coupled with using the 0.2 pct offset yield 






Figure 4.15 Strengthening response of DP 1000 after 5 pct prestrain and baking shown as a 
function of (a) strain and (b) tempering parameter. 
 
4.2.2 Bake Hardening Response of TBF 1000 
 In a similar fashion to DP 1000, TBF 1000 was tensile tested following the test matrix in 
Table 3.2. Starting with the 0 pct prestrain conditions, Figure 4.16(a) presents engineering stress-
strain curves for all baking conditions. Ductility and strength appeared to be relatively constant 
for increasing aging time and temperature. However, Figure 4.16(b) expands the plot in the 
region of yielding. Clearly, YS increased as a function of increasing time and temperature. For 
all baking times/temperatures, every sample showed continuous yielding but the {0-200-60} 
showed a distinct inflection point at yielding (i.e. sharp decrease in strain hardening). This 
change may signify incipient discontinuous yielding such that aging for longer times and higher 
temperatures may produce yield points. Flow stresses after yielding, shown in Figure 4.16(b) 
appear to increase with increasing aging time and temperature but ultimate tensile strengths 








Figure 4.16 (a) Engineering stress-strain curves for TBF 1000 samples paint baked without 
prestrain and a superimposed AR curve. (b) Expanded stress-strain curves in the 





 Figure 4.17 plots tensile properties and strain hardening for these samples. Figure 4.17(a) 
shows that the {0-200-60} (TP=7270) condition had the greatest increase in YS closely followed 
by {0-200-15} (TP=6980). Recorded BH0 and ∆σmax values for {0-200-60} were 60 MPa and 
81 MPa, respectively. Figure 4.17(a) illustrates the relationship between YS, UTS, UE, and TE 
and tempering parameter. AR properties have been superimposed for comparison. As tempering 
parameter increased, YS increased and UTS remained relatively unchanged indicating that 
YS/UTS increased with tempering parameter. Like the DP steel, the increase in YS/UTS 
indicates decreased strain hardening as paint baking time and temperature increased. 
Figure 4.17(b) demonstrates the effects of time at temperature by plotting strain hardening rate as 
a function of plastic strain. The {0-200-60} condition had the lowest strain hardening rate at all 
strains. Regarding ductility, Figure 4.17(a) shows that UE and TE for all samples were almost 
unaffected in the absence of prestrain. The largest decreases in UE and TE were for the 




Figure 4.17 (a) Tensile properties with AR values highlighted and (b) strain hardening 
behavior of TBF 1000 baked without prestrain. 
 
 Strengthening behavior of paint baked TBF 1000 without prestraining was also 
investigated. Figure 4.18 elucidates the effect of time and temperature on bake hardening levels 
as suggested by Figure 4.16(b). Plotting bake hardening as a function of engineering strain, 
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Figure 4.18(a) shows that the {0-200-60} condition had the greatest increase for nearly all strain 
levels. Additionally, increasing time and temperature increased the maximum (i.e. ∆σmax) of each 
curve. These maxima were located close to a strain of 0.004 like the aged only DP 1000. 
Figure 4.18(b) illustrates this increase by plotting ∆σmax, and BH0, as a function of tempering 
parameter. A continuous, almost linear increase in strength with increasing tempering parameter 
was observed up to a maximum of 60 MPa (BH0) and 81 MPa (∆σmax) at {0-200-60} (TP=7270). 
There was no upward inflection at high tempering parameters like DP 1000. Both measures were 





Figure 4.18 Strengthening response of TBF 1000 after baking only (no prestrain) shown as a 
function of (a) strain and (b) tempering parameter. 
 
 With the addition of 2 pct prestrain, TBF 1000 samples displayed a marked increase in 
YS (measured as LYS for instances of discontinuous yielding) compared to the AR condition, as 
observed in the stress-strain curves of Figure 4.19. The samples prestrained 2 pct had long, 
pronounced YPE ranging from 1 to 2 pct and LYS ranging from 850 ({2-120-20}) to 920 MPa 
({2-200-60}). Figure 4.20 illustrates the strengthening response of all conditions at this prestrain 
level. Figure 4.20(a) shows that the ∆σ curves increased in magnitude with increasing time and 
temperature. Figure 4.20(b) shows that strengthening generally increased with increasing 
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tempering parameter. Maximum BH2 and ∆σmax values of 120 and 130 MPa were recorded after 
baking at {2-200-15} and {2-200-60}, respectively. A maximum in BH2 was recorded after 2 pct 
prestrain and aging at 200 °C for 15 min. Unlike the 0 pct prestrain samples, BH2 values were 
typically greater than ∆σmax throughout most of the range of tempering parameters. 
 Investigating the tensile properties of 2 pct prestrained and baked TBF 1000, 
Figure 4.21(a) shows the trend of increasing LYS as a function of tempering parameter. The 
figure also shows that UTS only slightly increased. Again, the convergence of the LYS and UTS 
curves (increase in YS/UTS ratio) suggests decreased strain hardening rate as baking time and 
temperature increased. Figure 4.21(b) confirms this decrease by plotting strain hardening rate for 
true plastic strains outside the YPE. As an example, strain hardening for the {2-200-60} 
condition was lowest over the range of plastic strains. Prestraining appears to create greater 
differences in strain hardening rate with increasing tempering parameter compared to the 
unstrained conditions (Figure 4.17(b)). With respect to ductility, as seen in Figure 4.21(a), UE 
and TE slightly decreased to a minimum at the highest tempering parameter. Both measures 
decreased relative to AR which is highlighted on this figure. 
 
 
Figure 4.19 Engineering stress-strain curves for TBF 1000 samples prestrained 2 pct and paint 






Figure 4.20 Strengthening response of TBF 1000 after prestraining 2 pct and baking shown as 




Figure 4.21 (a) Tensile properties with AR values highlighted and (b) strain hardening 






 When prestrain was increased from 2 to 5 pct, LYS increased substantially to over 
1000 MPa for all conditions except {5-160-15} which had a LYS of approximately 990 MPa. 
Engineering stress-strain curves for samples prestrained 5 pct are presented in Figure 4.22. These 
samples exhibited discontinuous yielding followed by substantial periods of limited strain 
hardening before failure. Shapes of the tensile curves are reminiscent of linear elastic, perfectly 
plastic behavior. Compared to DP 1000 at the same prestrain level, samples had significantly 
more elongation post yielding. Figure 4.23 shows tensile properties and strain hardening for 5 pct 
prestrained samples. The closely spaced, nearly parallel, and slightly increasing LYS and UTS 
curves shown in Figure 4.23(a) indicate low strain hardening that was insensitive to baking 
time/temperature. In other words, overall strain hardening did not change significantly with 
increasing time/temperature. At a log(εplastic) value of -1.4 (true plastic strain=4 pct), 
Figure 4.23(b) shows that strain hardening behaviors of {5-160-15} and {5-200-60} overlap for 
a range of strains. Figure 4.23(a) illustrates that tensile elongation (excluding prestrain) 
continuously decreased with increasing tempering parameter with values decreasing from 
approximately 13 to 9 pct for UE and 19 to 14 pct for TE. 
 
 
Figure 4.22 Engineering stress-strain curves for TBF 1000 samples prestrained 5 pct and paint 







Figure 4.23 (a) Tensile properties and (b) strain hardening behavior of TBF 1000 prestrained 
5 pct and baked. 
 
 Strengthening response after 5 pct prestrain and baking was measured using ∆σ curves 
and bake hardening index values, as shown in Figure 4.24. Consistent with the previous prestrain 
levels, TBF 1000 showed increased strengthening when time and temperature were increased. 
Figure 4.24(a) shows that ∆σ curves continuously increase for increasing time and temperature. 
These curves increase quickly to maxima with little strain delay, which reflects the shapes of the 
prestrained and aged stress-strain curves. The greatest bake hardening values were observed for 
{5-200-60} for all engineering strain levels. Moreover, Figure 4.24(b) elucidates this effect by 
plotting ∆σmax and BH5 as a function of tempering parameter. Strengthening ranged from 60 MPa 
(∆σmax) and 90 MPa (BH5) for {5-160-15} (TP=6390) up to 120 MPa (both measures) for 
{5-200-60} (TP=7270). This figure shows that BH5 and ∆σmax are similar except for the lowest 
tempering parameter. Despite this difference in values, there appears to be an inflection in the 





Figure 4.24 Strengthening response of TBF 1000 after prestraining 5 pct and baking shown as 
a function of (a) strain and (b) tempering parameter. 
 
4.2.3 Bake Hardening Response of TBF 1200 
 Tensile properties of prestrained and baked TBF 1200 were determined. Considering first 
the 0 pct prestrain conditions, Figure 4.25(a) presents engineering stress-strain curves for all 
times and temperatures, and Figure 4.25(b) expands the curves in the region of yielding. These 
figures show that baking in the absence of prestrain created considerable increases in YS and 
flow stress at low strains. For all conditions except {0-120-20}, paint baking led to sizeable 
increases in YS with the largest increase observed for {0-200-60}. Recorded strengthening 
response for this condition was 81 MPa for BH0 and 98 MPa for ∆σmax. Figure 4.26 illustrates the 
bake hardening responses of all conditions without prestrain. As a function of engineering strain, 
Figure 4.26(a) shows that the greatest increase in strength for all strains was recorded for {0-200-
60}. As expected from the engineering stress-strain curves, {0-120-20} showed very little 
increase over all strain levels so this condition was omitted from Figure 4.26(a). The peaks of the 
curves are shifted to slightly higher strains (0.005) compared to unstrained DP 1000 and 
TBF 1000 (0.004). Figure 4.26(b) further illustrates these responses by plotting ∆σmax and BH0 as 
a function of tempering parameter Strengthening continuously increased with increasing 







Figure 4.25 (a) Engineering stress-strain curves for TBF 1200 samples paint baked at various 
times and temperatures without prestrain. (b) Expanded curves in the region of 









Figure 4.26 Strengthening response of TBF 1200 after baking only as a function of (a) strain 
and (b) tempering parameter. 
 
 Figure 4.27 shows the effects of aging on strength, ductility, and strain-dependent strain 
hardening rates. Figure 4.27(a) shows that UTS remained essentially unchanged with increasing 
baking time/temperature. However, YS increased continuously. Like DP 1000 and TBF 1000, 
YS and UTS curves for the unstrained and baked conditions converge (i.e. YS/UTS ratio 
increased) indicating reduced strain hardening as tempering parameter increased, which is also 
illustrated by the strain hardening curves in Figure 4.27(b). The {0-200-60} condition had the 
lowest strain hardening rate, especially at high true plastic strains. Regarding ductility, 
Figure 4.27(a) shows that tensile elongations are similar amongst all tests with the max 
difference between baked tests being approximately 0.8 pct for UE, which was measured 
between {0-120-20} (TP=5850) and {0-160-60} (TP=6650) conditions. Total elongations for all 
conditions were within 0.5 pct of each other and were approximately 17.6 pct, which can be 










Figure 4.27 (a) Tensile properties with AR value highlighted and (b) strain hardening 
behavior of TBF 1200 baked without prestrain. 
 
 Adding 2 pct prestrain prior to baking changed the yielding behavior of TBF 1200 from 
continuous to discontinuous, as shown by the engineering stress-strain curves in Figure 4.28. 
Unlike the unstrained conditions, prestrain led to discontinuous yielding with large YPEs 
(between 3 and 6 pct depending on baking condition), even at the shortest time and lowest 
temperature of 120 °C, 20 min. Figure 4.28 shows that YPE is followed by a small increase in 
flow stress and a period of low strain hardening until failure. 
 Figure 4.29 plots tensile properties for TBF 1200 prestrained 2 pct. LYS and UTS are 
plotted as a function of tempering parameter in Figure 4.29(a). These two properties remained 
nearly parallel, and slightly increasing, as tempering parameter increased indicating no 
appreciable change in strain hardening. For this reason, a Jaoul-Crussard strain hardening plot 
was omitted. Tensile elongations were also plotted in Figure 4.29(a). UE and TE decreased 
slightly with increasing time/temperature – less than 1.5 pct for both. Compared to the AR 
condition, however, UE decreased by 3.3 pct and TE decreased by 3.4 pct for the {2-200-60} 
(TP=7270) condition (not including prestrain). Figures 4.29(b) and 4.29(c) show the 
strengthening response for this steel. The ∆σ curves shown in Figure 4.29(b) highlight the sharp 
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drop in flow stress from the UYS to the LYS represented by the maxima of the curves at 2.5 pct 
strain. These ∆σ curves tended to increase with increasing time and temperature.  
 Not fully captured in Figure 4.29(b), however, was the decrease in ∆σmax after 
prestraining and aging at {2-200-15}. This effect is better illustrated in Figure 4.29(c) for BH2 
and ∆σmax plotted as a function of tempering parameter. Maximum in strengthening were 
observed for both measures at a tempering parameter of 6980 which corresponds to {2-200-15}. 
Comparing the two measures, ∆σmax was greater than BH2 by as much as 30 MPa in some 




Figure 4.28 Engineering stress-strain curves for TBF 1200 samples prestrained 2 pct and paint 
baked at various times and temperatures. An AR curve (dashed) has been 







Figure 4.29 (a) Tensile properties, (b) ∆σ curves, and (c) strengthening response of TBF 1200 
after 2 pct prestrain and paint baking. 
 
 For 5 pct prestrain results, all time/temperature aging conditions showed discontinuous 
yielding behavior as displayed in Figure 4.30 in the engineering stress-strain curves. Behavior 
was characterized by samples yielding (UYS), flow stress dropping then fluctuating around a 
constant value (YPE), then promptly necking to failure. Elongation post yielding, for this 
prestrain level, is higher than DP 1000. However, none of the samples showed positive strain 
hardening, after yielding and prior to failing regardless of aging time or temperature. Therefore, 
a plot of log values of strain hardening could not capture desired behavior and has been omitted. 
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Figure 4.31(a) plots UYS, which is presumably equivalent to UTS, and TE for TBF 1200 after 
5 pct prestrain and baking, while LYS, UTS, and UE have been excluded because these 
properties could not be clearly identified. The plot shows that UYS gradually increased and TE 
decreased with increasing tempering parameter. However, relative to AR, TE decreased 
substantially from 17.7 pct (AR) to 5.0 pct ({5-200-60}, TP=7270) which is also shown on 
Figure 4.30. The increase in UYS was translated to BH5 calculations. Figure 4.31(b) shows that 
the bake hardening index increased proportionally with ∆σmax from 135 to 181 MPa from lowest 
to highest tempering parameter. Note that BH5 was calculated using UYS (or UTS) which does 
not follow the definition outlined in Section 3.5.1 of Chapter 3. Regardless, the strong overlap is 
attributed to the limited strain hardening ability of TBF 1200 after prestrain and baking. 
 
 
Figure 4.30 Engineering stress-strain curves for TBF 1200 samples prestrained 5 pct and paint 
baked at various times and temperatures. An AR curve (dashed) has been 





Figure 4.31 (a) Tensile properties and (b) strengthening response for TBF 1200 after 5 pct 
prestrain and paint baking. 
 
4.2.4 Tempering Response of PHS 1500 
 Engineering stress-strain curves for PHS 1500 samples tempered at the times and 
temperatures listed in Table 3.2 are shown in Figure 4.32. Samples were not prestrained prior to 
baking because hot stamped parts are formed in the austenite phase prior to quenching. AR 
curves are superimposed on these plots. All conditions exhibited continuous yielding but showed 
changes in YS, UTS, and ductility. Figure 4.32(b), which expands the region of yielding in 
Figure 4.32(a), highlights the changes in yielding behavior as time and temperature changed. 
Tensile properties are plotted in Figure 4.33 as a function of tempering parameter. As tempering 
parameter increased, YS increased to a maximum of 1300 MPa at a tempering parameter of 6650 
({0-160-60}). Conversely, UTS almost continuously decreased as a function of tempering 
parameter. The smallest UTS was 1525 MPa at {0-200-60} (TP=7270), approximately 70 MPa 
less than AR. Also illustrated in Figure 4.33 is a nearly continuous decrease in ductility. 
However, changes in UE were small relative to AR which may suggest they are not statistically 
significant. For example, UE decreased from 5.0 pct (AR) to 4.2 pct while TE decreased from 
7.9 pct (AR) to 7.0 pct. Ductility was lowest for {0-200-15} (TP=6980). Regardless, these 







Figure 4.32 (a) Engineering stress-strain curves for PHS 1500 after tempering between 120 
and 200 °C for 20 to 60 min. (b) Expanded curves highlighting changes in 





Figure 4.33 Tensile properties of tempered PHS 1500 as a function of tempering parameter. 
AR properties are highlighted in the box. 
 
 All conditions exhibited continuous yielding (Figure 4.32(b)), but after tempering a 
transition in yielding behavior was observed. The point at which stress is linearly proportional to 
strain (i.e. proportionality limit) appeared to increase with increasing tempering parameter. 
Additionally, strain hardening rate in the region of yielding decreased. These two behaviors may 
indicate incipient discontinuous yielding. At some tempering parameter greater than 7270 
({0-200-60}), it is expected that the material will fully transition and exhibit yield point 
phenomena. 
 The continuous decrease in UTS shown in Figure 4.33 is another indication of the 
decreasing ability of the specimens to strain harden as tempering intensity increases. Figure 4.34 
presents a log-log plot of strain hardening rate as a function of true plastic strain, following 
Equation (3.12), for PHS 1500. The AR specimen shows nearly linear behavior throughout the 
entire range of plastic strains, indicating good agreement with the Ludwik equation [3.19]. After 
tempering at 120 °C for 20 min, however, strain hardening rate significantly decreased (note the 
logarithmic axes) at low plastic strains and to a lesser extent at higher plastic strains. This 
behavior is amplified for the higher temperature, longer time tempers. The highest temper of 
{0-200-60} (TP=7270) had the greatest decrease in strain hardening throughout the entire range 
of true plastic strains. Moreover, at low strains, the change from linear behavior of the AR to 
progressively more curved behaviors for increasing tempering intensities clearly indicates a 
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change in yielding behavior. The AR has a gradual transition from elastic to plastic with initially 
high strain hardening and follows a power curve. The tempered materials, however, have abrupt 
yielding behavior indicated by the low strain hardening rate at low strain. 
 
 
Figure 4.34 Strain hardening as a function of plastic strain, on a log-log plot, for tempered 
PHS 1500. Decreasing strain hardening with increasing tempering intensity is 
highlighted. 
 
 Strength changes with tempering were quantified using BH0 and ∆σ. Figure 4.35(a) 
shows the variation in ∆σ for three selected conditions: {0-160-15}, {0-200-15}, and 
{0-200-60}. Locations of ∆σmax with respect to strain are higher than the previous three steels 
and are approximately 0.006. The plot illustrates that the greatest strengthening response was 
recorded for the {0-200-15} condition. Additional holding for 60 min at 200 °C decreased ∆σ to 
below the {0-160-15} curve. This effect is also demonstrated in Figure 4.35(b) as a function of 
tempering parameter. The conditions {0-160-60} and {0-200-15}, consistent with tempering 
parameters of 6650 and 6980, respectively, had the highest strengthening values between 115 
and 130 MPa for both measures. Again, increasing tempering to {0-200-60} showed a decrease 







Figure 4.35 Strengthening response of tempered PHS 1500 as a function of (a) strain and (b) 
tempering parameter. 
 
4.2.5 Tempering Response of PHS 2000 
 Figure 4.36 presents engineering stress-strain curves for PHS 2000 in the AR condition 
and tempered for the times and temperatures given in Table 3.2. This hot stamped steel was not 
prestrained. The UTS of AR PHS 2000 was determined to be 2120 MPa. Figure 4.36(a) shows 
that flow stress and UTS tended to decrease with increasing tempering parameter, while total 
elongation appeared to remain constant. Figure 4.36(b) highlights the yielding region of the 
curves by expanding the stress-strain curves. Yield strength seemed to increase for shorter times 
and lower temperatures but decreased at greater tempering parameters. Figure 4.37 further 
demonstrates this effect by plotting tensile properties as a function of tempering parameter. 
While UTS decreased, YS increased with time and temperature to a maximum of 1600 MPa at a 
tempering parameter of 6400 corresponding to {0-160-60}. YS maintained this strength level up 
to {0-200-15} (TP=6980), before decreasing at the longest time/highest temperature. Regarding 
ductility, Figure 4.37 shows that UE and TE did not significantly differ between AR and low 
temperature tempering (LTT) conditions and were approximately 5.1 pct and 7.6 pct, 








Figure 4.36 (a) Engineering stress-strain curves for PHS 2000 after tempering between 120 
and 200 °C for 20 to 60 min. (b) Expanded curves highlighting the yielding 





Figure 4.37 Tensile properties of tempered PHS 2000 as a function of tempering parameter. 
AR properties are highlighted in the box. 
 
 Similar to PHS 1500, PHS 2000 showed signs of changes from continuous toward 
discontinuous yielding. The point to which stress and strain were linearly proportional for the 
AR stress-strain curve appeared to be lower than all tempering conditions as indicated by 
Figure 4.36. Additionally, the continuous decrease in tensile strength of PHS 2000 reflects the 
decreasing ability of the specimens to strain harden as tempering intensity increases. Figure 4.38 
presents a Jaoul-Crussard plot of strain hardening rate as a function of true plastic strain for 
PHS 2000. The AR specimen did not behave perfectly linear like PHS 1500, slightly deviating 
from the Ludwik equation (Equation (3.12)). All tempering conditions, though, exhibited 
decreased strain hardening at all strain levels, but with a more pronounced effect at lower strain 
levels (recall logarithmic axes). Furthermore, there was a decrease in the radius of curvature (i.e. 
increase in bending of curves), at low strains, with increasing tempering intensities. At high 
strains, all curves become nearly parallel. The increase in curvature at low plastic strains is an 
indication of changing yielding behavior with increasing tempering. Figure 4.36(b) reflects this 
observation; the most severe tempering condition ({0-200-60}, TP=7270) had an initially high 
strain hardening rate at yielding followed by a highly strain-dependent decrease in strain 
hardening that did not follow a power curve relationship. On the other hand, the AR specimen 





Figure 4.38 Strain hardening as a function of plastic strain, on a log-log plot, for tempered 
PHS 2000. Decreasing strain hardening with increasing tempering intensity is 
highlighted. 
 
 Strengthening response of PHS 2000 varied with tempering parameter. Figure 4.39 shows 
this response by plotting BH0 and ∆σ. Bake hardening curves for three tempering conditions are 
given in Figure 4.39(a). Location of ∆σmax with respect to strain was 0.008, the highest for all 
investigated steels. The greatest ∆σ curve for PHS 2000 was {0-160-60}. Increasing temperature 
to 200 °C for the same aging time decreased the strengthening response. Figure 4.39(b) 
elucidates this behavior by plotting BH0 and ∆σmax as a function of tempering parameter. 
Strengthening was not monotonic with time and temperature. The greatest increases in strength 
were recorded for {0-170-20} (TP=6590) and {0-160-60} (TP=6650) using BH0 and ∆σmax, 
respectively. These maxima ranged from 160 (BH0) to 190 MPa (∆σmax). The two measures only 






Figure 4.39 Strengthening response of tempered PHS 2000 as a function of (a) strain and 
(b) tempering parameter. 
 
4.2.6 Microhardness Results for PHS Grades 
 Hardness is commonly used to non-destructively evaluate the effect of tempering on a 
martensitic steel. Vickers microhardness was selected to evaluate the bulk hardness of PHS 1500 
and PHS 2000 after LTT. Experimental data are presented in Appendix C. Indents were made at 
the approximate mid-thickness along the centerline of each sample using a load of 500 gf. 
Measurements were made for each time temperature condition found in Table 3.2. Results for 
PHS 1500 are given in Figure 4.40. Figure 4.40(a) shows that microhardness decreased with 
increasing tempering parameter but there was significant scatter given by the large error bars 
(equal to one standard deviation). A linear regression fit to these data, also shown on the plot, 
had a goodness of fit of 0.412 suggesting weak agreement. Moreover, Figure 4.40(b) shows UTS 
as a function of Vickers microhardness. The plot shows that UTS increased with increasing 
hardness. However, the linear regression fit to the data suggests weak correlation. Hardness 
testing was also performed on PHS 2000 after LTT. Figure 4.41(a) shows the relationship 
between hardness and tempering parameter for this steel. As tempering parameter increased, 
hardness decreased linearly as shown by the excellent fit of the linear regression and R2 value. 
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Scatter in the hardness data was small. Figure 4.41(b) shows UTS as a function of hardness. 




Figure 4.40 Vickers microhardness (HV 0.5) relationship with (a) tempering parameter and 




Figure 4.41 Vickers microhardness (HV 0.5) relationship with (a) tempering parameter and 
(b) ultimate tensile strength for PHS 2000. 
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 The relationship between UTS and hardness has been well documented for martensitic 
steels after LTT [66, 67]. Table 4.2 presents functional relationships between UTS and hardness 
for PHS 1500 and PHS 2000 from the linear regressions found in Figures 4.40(b) and 4.41(b). 
Functions are also provided for 43xx series [67] and a 0.22C+B PHS steel [66]. Vickers hardness 
measurements for PHS 1500 and PHS 2000 were converted to HRC values using 
Equation (A1.1.1) found in the ASTM E140 standard [87]. The slope and intercept of the linear 
regressions differ by steel grade. The smallest slope of 46.7 MPa/HRC was given for the 
0.22C+B PHS steel but goodness of fit was high. PHS 1500, which has a comparable carbon 
level to the 0.22C+B PHS, had a higher slope and lower intercept but had low goodness of fit. 
The PHS 2000 and 43xx steels had very similar equations both with high R2 values. To compare 
all data simultaneously, Figure 4.42 plots UTS and HRC for all four data sets. Data obtained 
from this investigation for PHS 1500 and PHS 2000 are highlighted. Although both PHS 1500 
and PHS 2000 were slightly lower than the 43xx and 0.22C+B steels, these data agree well 
overall. A combined linear regression equation for all steels is presented at the bottom of 
Table 4.2. Goodness of fit is high suggesting strong correlation between UTS and hardness for 
these steels. 
 
Table 4.2 – UTS-Hardness Relationship 
 
Steel Equation R2 Temperature Range [°C] 
Time Range 
[min] 
PHS 1500 𝑈𝑇𝑆 = 62.6𝐻𝑅𝐶 − 1490 0.537 120-200 15-60 
PHS 2000 𝑈𝑇𝑆 = 74.2𝐻𝑅𝐶 − 2090 0.930 120-200 15-60 
43xx [67] 𝑈𝑇𝑆 = 74.0𝐻𝑅𝐶 − 1970 0.972 150-200 10-600 
0.22C+B [66] 𝑈𝑇𝑆 = 46.7𝐻𝑅𝐶 − 648 0.910 150-350 10-600 





Figure 4.42 UTS-hardness relationship for PHS 1500 and PHS 2000 (highlighted) compared 
to data found in literature [66, 67]. 
 
4.3 Bake Hardening Discussion 
 Bake hardening behavior was evaluated for DP 1000, TBF 1000, and TBF 1200 as a 
function of prestrain, time, and temperature. Likewise, PHS 1500 and PHS 2000 were tempered 
in the LTT regime using the same times and temperatures. Strengthening responses were 
assessed using uniaxial tension testing and corresponding BHx and ∆σ measurements. The 
discussion presented here will focus on trends in stress-strain behavior, tensile properties, and 
strain hardening. Comparisons between steel grades as a function of tempering parameter and 
prestrain will be made. The accuracy and applicability of the two measurement techniques will 
also be considered.  
4.3.1 BH0 Results for DP, TBF, and PHS 
 All grades were subjected to simulated paint bake thermal histories and tensile tested 
without prestrain to determine tensile properties. Beginning with the DP and TBF grades, each 
steel showed a constant increase in YS with increasing tempering parameter. At the lowest 
time/temperature, {0-120-20}, almost no changes in YS values were recorded. Conversely, the 
most significant increases, for these three grades, were documented for {0-200-60}. For 
example, the greatest increase in YS was for DP 1000 with corresponding BH0 and ∆σmax of 
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117 MPa and 165 MPa, respectively (Figure 4.9(b)). Yielding remained continuous for these 
steels as time and temperature increased except for DP 1000 paint baked at 200 °C for 60 min. 
Increases in YS across these grades may be attributed to the immobilization of dislocations by 
free carbon in solution, which is supported by the return of the yield point phenomenon for 
DP 1000. Likewise, increasing YS with increasing time/temperature is related to the 
time/temperature dependence of carbon diffusion proposed by Cottrell and Bilby [36]. It is 
interesting to note, however, that despite increases in YS, UTS for these grades did not change 
substantially, indicating a decrease in strain hardening. Tensile ductility, either UE or TE, was 
relatively unaffected by baking. For each grade, maximum decreases in UE and TE relative to 
AR were less than one percent (Figures 4.8(a), 4.17(a), and 4.27(a)). 
 The martensitic PHS grades, on the other hand, exhibited different strengthening 
characteristics compared to the DP and TBF steels, shown in Figures 4.35(b) and 4.39(b). Even 
at the lowest time/temperature ({0-120-20}), PHS 1500 and PHS 2000 had large increases in YS. 
Respective BH0 were measured to be 23 and 80 MPa. Strengthening rapidly increased with 
increased time and temperature. For example, increasing temperature to 170 °C and holding for 
20 min increased BH0 to 81 MPa for PHS 1500 and 159 MPa for PHS 2000. Increases in YS by 
both steels may be due to recovery-induced reductions in the unpinned dislocation densities from 
those in as-quenched martensite, formation of transition carbides, and/or pinning of 
dislocations [63, 66, 67]. Conversely, UTS showed a clear decrease for both steels as tempering 
intensity increased, with a much greater effect on the higher carbon PHS 2000. Transition 
carbides formed at low times and temperatures likely coarsened increasing the effective free 
length of dislocations, which ultimately decreased strain hardening and flow stresses [67]. 
Decreases in UTS of 70 and 260 MPa relative to AR were recorded for PHS 1500 and 
PHS 2000, respectively, at {0-200-60}. Likewise, microhardness decreased linearly with 
increasing tempering parameter. Similar magnitudes of strength changes with LTT have been 
reported for 22MnB5 and 34MnB5 which have comparable carbon levels to PHS 1500 and 
PHS 2000, respectively [88]. The bake hardening effect, in terms of yield strength, was reported 
between 80 and 160 MPa, while UTS decreased by 30-150 MPa due to baking. Comparable 
tensile and hardness behavior has been documented for SAE 4330, 4340, and 4350 steels [67]. 
These researchers correlated higher carbon contents to higher densities of transition carbides, 
shorter free dislocation segments, and higher strain hardening rates.  
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 The transition from continuous to discontinuous yielding and decrease in UTS in the PHS 
steels were investigated with the aid of Jaoul-Crussard plots (Figures 4.34 and 4.38). The high 
densities of dislocations and transition carbides formed during autotempering and/or room 
temperature aging were responsible for the continuous yielding and high strain hardening rates 
for AR conditions [57, 75]. Subsequent aging, however, decreased strain hardening which 
ultimately led to decreases in UTS. For example, the specimens tempered at 200 °C for 60 min 
had the lowest tensile strengths. During tempering, transition carbides coarsen and dislocation 
densities decrease due to recovery mechanisms, both increasing the average free length of 
dislocations [88]. According to work hardening theory [64], an increase in free dislocation length 
will decrease flow stress and, correspondingly, strain hardening. However, aging temperatures 
were low in this investigation (limiting recovery) so it is expected that coarsening of precipitates 
was the main cause of decreased strain hardening. 
4.3.2 BH2 and BH5 Results for DP and TBF 
 With the addition of prestrain, DP and TBF grades had BH values greater than paint 
baking alone, and YPE was observed for most steels and prestrain/time/temperature 
combinations. Generally, BH increased as tempering parameter increased for both 2 and 5 pct 
prestrained tests. The largest yield strengths were recorded at the highest temperature, longest 
time baking: 200 °C, 60 min. UTS did not significantly increase with increasing tempering 
parameter which is attributed to the decrease in strain hardening after prestrain and baking. This 
effect was elucidated with the aid of Jaoul-Crussard strain hardening plots. Strain hardening is 
dependent on dislocation-dislocation interactions and dislocation interactions with barriers such 
as precipitates [58]. A high rate of strain hardening suggests obstruction of dislocations from 
gliding or cross-slipping on intersecting slip systems. A low rate of strain hardening, therefore, 
implies that a significant number of dislocations are either sessile or do not interact. Because the 
studied steels are known to have significant AR dislocation densities including those generated 
from prestraining, the low strain hardening rate and appearance of YPE may be attributed to 
effective pinning of dislocations by solute carbon during aging. Other factors influencing strain 
hardening may be formation of dislocation tangles and cell structures during prestraining, 
transformation of retained austenite to martensite during prestraining, and/or coarsening of 
carbides during aging [48-56].  
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 Ductility for DP and TBF grades decreased as a function of prestrain and 
time/temperature. As tempering parameter increased, UE and TE generally decreased. The 
lowest UE and TE were recorded at 200 °C, 60 min. For example, after 2 pct prestrain and paint 
baking at this time/temperature, the UE of DP 1000 decreased relative to AR from 9.9 pct for AR 
to under 6.7 pct (including 2 pct strain from prestraining) for {2-200-60} (Figure 4.12(a)). 
Decreases in UE and TE were also observed for TBF 1000 and TBF 1200 with the lowest 
ductility also recorded at 200 °C, 60 min. With respect to prestrain, tensile elongation was 
always lowest for 5 pct prestrain. Similar behavior has been reported by other authors and has 
been reported as the second stage of aging [49, 52]. The decrease in elongation in this stage may 
be due to increased yield point and lower strain hardening rate leading to lower strain at 
instability. 
4.3.3 BH Comparison Between DP and TBF Grades 
 The three prestrained steels (DP 1000, TBF 1000, and TBF 1200) showed varying 
responses to prestrain and baking conditions. Figures 4.43(a)-4.43(c) show BHx plotted as a 
function of tempering parameter for the three prestrain conditions: 0, 2, and 5 pct. Starting with 
Figure 4.43(a), BH is plotted for 0 pct prestrain. The three steels showed monotonic increases in 
strengthening for most tempering parameters. TBF 1000 had the least strengthening for nearly all 
tempering parameters ranging from approximately 0 to 60 MPa at the most severe paint baking 
time/temperature. On the other hand, both DP 1000 and TBF 1200 showed nearly identical 
strengthening until the highest tempering parameter corresponding to {0-200-60}. The 
strengthening curves for DP 1000 showed a change in slope and values reached nearly 120 MPa. 
This upward inflection may indicate the beginning of the third stage of bake hardening for DP 
steels, outlined by Waterschoot et al. [38], which corresponds to martensite tempering and large 
strength increases. 
 Figures 4.43(b) and 4.43(c) show BHx plotted as a function of tempering parameter for 2 
and 5 pct prestrain, respectively. With the addition of prestrain, differences in strengthening were 
observed per grade. For both 2 and 5 pct prestrain, the most strengthening was always for 
TBF 1200 and the least for DP 1000. Considering Figure 4.43(b), both TBF grades appeared to 
reach a maximum at a tempering parameter of 6980, which corresponds to a time/temperature of 
200 °C, 15 min. This peak may indicate overaging, as mentioned by several authors [49-51, 53]. 
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Conversely, DP 1000 continued to increase even at the highest tempering parameter. 
Figure 4.43(c) shows that strengthening appeared to continuously increase for 5 pct prestrain for 
all steels. Regarding DP 1000 with 5 pct prestrain, only four points were represented for this 






Figure 4.43 BHx plotted as a function of tempering parameter for (a) 0 pct prestrain, (b) 2 pct 
prestrain, and (c) 5 pct prestrain. Regardless of prestrain amount, strengthening 




 Bake hardening was evaluated for different prestrains. Figure 4.44 shows BHx as a 
function of prestrain for DP 1000 (Figure 4.44(a)), TBF 1000 (Figure 4.44(b)), and TBF 1200 
(Figure 4.44(c)). For a given prestrain, each steel demonstrated different degrees of 
strengthening depending on tempering parameter, which is consistent with observations from 
Figure 4.43. Increasing prestrain to 2 pct led to increased BHx levels for all grades. However, 
further increasing prestrain to 5 pct led to decreases in BHx for every time/temperature condition 
for DP 1000, and most times and temperatures for TBF 1000. Decreases in BHx at higher 
prestrains have been documented in DP and TBF steels [49, 50, 53]. For example, in TRIP steels, 
the transformation of retained austenite to martensite at higher prestrain levels, and subsequent 
tempering during aging, has been correlated with decreases in BHx levels [53]. Figure 4.44(c) 
shows that BHx continuously increased for TBF 1200 over the range of prestrains investigated. 
TRIP steels with high retained austenite stability have shown continuous increases in BH values 
with increasing prestrain due to limited martensite formation and consequent relaxation [54]. 
 Bake hardening behavior for DP and TBF were compared simultaneously as a function of 
prestrain. Figure 4.45 shows BHx for DP 1000, TBF 1000, and TBF 1200 plotted as a function of 
prestrain at a fixed aging condition of 170 °C, 20 min. This plot summarizes trends shown in 
previous Figures 4.43 and 4.44. Without prestrain, bake hardening responses of DP 1000 and 
TBF 1200 were very similar, both were approximately 50 MPa. TBF 1000 showed the least 
strengthening with a BH0 of 26 MPa. Increasing prestrain to 2 and 5 pct separated the steel 
grades, with the greatest bake hardening observed for TBF 1200. Maxima of 90 MPa and 
112 MPa were observed for DP 1000 and TBF 1000, respectively, at 2 pct prestrain. Conversely, 
BHx for TBF 1200 continuously increased over the entire range of prestrains used in this study. 
The greater BH values for the TBF grades, especially TBF 1200, compared to DP 1000 is likely 
due to the significant contribution of bainite to bake hardening (shown in Figure 2.12). Bainite 
contains a large dislocation density and carbon content, leading to strong dislocation 
pinning [54, 56]. Formation of martensite on straining is also expected to be major source of 
strengthening for the TBF steels. Higher retained austenite stability of TBF 1200 (compared to 








Figure 4.44 Bake hardening response, BHx, as a function of prestrain for (a) DP 1000, 
(b) TBF 1000, and (c) TBF 1200 for all aging times and temperatures. Arrows 





Figure 4.45 Bake hardening behavior for DP 1000, TBF 1000, and TBF 1200 as a function of 
prestrain for the fixed aging condition of 170 °C, 20 min. 
 
4.3.4 BH0 Comparison for PHS Grades 
 Increases in YS, measured by BH0, for the two PHS grades varied as a function of baking 
time and temperature as observed in the previous subsections. Figure 4.46 plots this variation in 
BH0 as a function of tempering parameter for PHS 1500 and PHS 2000. Trend lines have been 
superimposed on both data sets to highlight the effects of tempering parameter on strengthening 
behavior. Starting from the lowest tempering parameter, BH0 values for both grades appeared to 
increase rapidly to a maximum as tempering parameter increased. At the lowest tempering time 
and temperature ({0-120-20}, TP=5850), BH0 for PHS 1500 and PHS 2000 were found to be 
approximately 23 and 80 MPa, respectively. At the maxima, BH0 reached 122 MPa for 
PHS 1500 and 175 MPa for PHS 2000 at tempering parameters of approximately 6800. The 
maxima were followed by decreases of 35 MPa (PHS 1500) and 30 MPa (PHS 2000) which were 
likely due to coarsening of transition carbides as tempering proceeded. At any given 
time/temperature combination, PHS 2000 always had a larger strengthening response compared 
to PHS 1500. Differences in strengths between the two steel grades likely relate to different 
alloying. Table 3.1 shows that PHS 2000 has approximately 0.1 wt pct more carbon than 
PHS 1500. Tetragonality of martensite, dislocation density, and transition carbide density 
increase with increasing carbon content accounting for the difference in strength of the 
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steel [57, 75]. Despite the difference in strength, both curves appear to take the same shape with 
maxima near the same tempering parameter, although more data points are warranted to support 
this preliminary observation. 
 
 
Figure 4.46 Strengthening response of unstrained and heat treated PHS 1500 and PHS 2000 as 
a function of tempering parameter. Curves have been drawn over the data sets to 
highlight trends in strengthening. 
 
4.3.5 BHx vs ∆σmax 
 Another approach, quantification of ∆σmax values, was suggested to assess bake 
hardening response for steels that exhibit continuous yielding after baking [38]. Use of ∆σmax 
prevents measurements of bake hardening from being inflated by work hardening. Therefore, 
∆σmax should be less than BHx for all tests that have continuous yielding. Conversely, if a steel 
exhibits discontinuous yielding, then both measures should be equal. It was of interest, then, to 
qualitatively compare ∆σmax and BHx for each steel to determine if the anticipated relationship 
between parameters holds true. Figures 4.47(a)-4.47(c) show BHx plotted against ∆σmax for 
DP 1000, TBF 1000, and TBF 1200 for all prestrain, time, and temperature conditions. For each 
grade/plot, a dashed line was drawn with a slope of one to indicate where BHx is equal to ∆σmax 
and the characteristics of the stress-strain curve shapes discussed below are indicated. The 
magnitudes of the BHx and ∆σmax axes are equal to make this comparison possible. 
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 Starting with DP 1000, Figure 4.47(a) shows BHx plotted against ∆σmax with the dashed 
line indicating equality. At low strengthening values, below 60 MPa, the two measures appear to 
be nearly identical. These values correspond to continuous yielding (i.e. roundhouse yielding), as 
indicated on the plot. When strengthening increases and yielding becomes discontinuous (shown 
as YPE), however, most of the points fall below the line indicating ∆σmax is greater than BHx. 
Some tests showed neither roundhouse yielding nor YPE (recall Figure 4.13) and have been 
marked as “No dσ/dε”. These samples yielded then transitioned quickly to post-uniform 
instability before failing with limited (or no) work hardening. Similar behavior is observed for 
TBF 1200 in Figure 4.47(c) except for a noticeable grouping of “No dσ/dε” data near the line. 
Data grouped at lower strengthening values (between 60 and 100 MPa) belong to 0 pct prestrain 
conditions and had continuous yielding, while higher values (above 140 MPa) had YPE. 
Conversely, TBF 1000 (Figure 4.47(b)) has many YPE points above the line (BHx greater than 
∆σmax) and continuous points on the line. Therefore, TBF 1000 appears to have better agreement 
with the definition of ∆σmax.  
 The observed variations in the correlations between assessments of aging shown in 
Figure 4.47 are attributed to differences in yielding behavior for each steel and where and how 
yield strength was calculated. Samples that had roundhouse yielding used the 0.2 pct offset yield 
strength method to calculate σa. As mentioned, this method could overestimate BHx due to 
significant work hardening between the elastic limit and the intersection of the offset line. It is 
possible that that the opposite could potentially be true as indicated by the following 
interpretation. A sample that continuously yields but has a very low rate of strain hardening 
(i.e. elastic-perfectly plastic behavior) may underestimate BHx. For the DP and TBF steels aged 
without prestrain, yielding remained continuous (for most conditions) but strain hardening 
significantly decreased. This type of yielding may explain why BHx was less than ∆σmax. 
However, this behavior is not fully understood for all yielding behaviors. For example, this 
theory does not explain why TBF 1000 behaved as expected (Figure 4.47(b)) but DP 1000 and 
TBF 1200 did not. A more wholistic investigation into these calculations, particularly comparing 








Figure 4.47 BHx plotted against ∆σmax for (a) DP 1000, (b) TBF 1000, and (c) TBF 1200 for 
all time, temperature, and prestrain combinations. A dashed line was added to 
each plot which represents where both measures are equal. Points are marked as 






4.3.6 UTS Relationship with Hardness 
 Comparing UTS and hardness data highlighted an important trend: UTS increased with 
increasing hardness. This relationship has been established for several similar steels [66, 67]. The 
linear regression for PHS 2000 agreed well with a 43xx series of steels and had an R2 value close 
to one indicating strong fit with the data. On the other hand, PHS 1500 had weak agreement with 
the linear regression due to large scatter in data. Regardless, combining the data for PHS 1500, 
PHS 2000, 43xx series, and 0.22C+B PHS steels into Figure 4.42 showed that a single functional 
relationship could be created. The excellent goodness of fit for this single linear regression 
suggests that hardness (HRC or HV) can reasonably predict strength (UTS). These results also 
imply that hardness can be used to predict strength without knowledge of carbon contents or 
tempering conditions. Several steels, all with different carbon levels and/or tempering 
parameters, were combined to form a single equation. 
4.4 Free Bend Testing Results 
 Free bend tests have been shown to provide data that correlate well with component crash 
test performance and emphasize surface microstructure, as outlined in Section 2.4.3. During 
bending, samples experience plane strain tension loading on the outer surface which accentuates 
the influence of surface microstructure on properties. For this investigation, bend tests followed 
the VDA238-100 standard and were performed using the test procedure detailed in Section 3.4.3. 
The following sections present results for the fully martensitic PHS grades after tempering at the 
times and temperatures given in Table 3.2, and for the DP and TBF steels baked at selected times 
and temperatures. Bend test data are given in Appendix D. Surface effects were investigated with 
profilometry and polished test samples. 
4.4.1 Bending Results for PHS Grades 
 Bend tests were performed on PHS 1500 and PHS 2000 using all the simulated paint 
baking schedules listed in Table 3.2 excluding prestrain. Load-displacement data were used to 
determine peak load and maximum bending angle according to Equations (3.2)-(3.5). 
Figures 4.48(a) and 4.48(b) plot bending angle and maximum load, respectively, as a function of 
tempering parameter for PHS 1500. As tempering parameter increased, both bending angle and 
maximum load tended to decrease. The decrease in bending angle was opposite the trend 
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observed in Figure 2.16 [69]. As-received PHS 1500, represented by an estimated tempering 
parameter of 5300, had a bending angle of 101° at a maximum load of 12.4 kN. After tempering 
at 200 °C for 60 min (TP=7270), bending angle decreased to 93° at a maximum load of 11.1 kN. 
Bending angle, however, showed more scatter in data compared to maximum load as signified by 
the one standard deviation error bars. For example, at 160 °C, 15 min (tempering parameter of 
6390), the standard deviation of bending angle was more than 9 pct of the mean, whereas 
maximum load deviated by only 2 pct. Furthermore, Figure 4.48(c) shows that bending angle 
decreased with increasing YS. However, an R2 value of 0.585 for the linear regression suggests 
that the goodness of fit is weak for this data set and that YS may not accurately predict bending 
angle for this steel over the range of times and temperatures studied. 
 For the PHS 2000 steel, Figure 4.49(a) shows that the bending angle increased to a 
maximum then decreased but had an overall increasing behavior as indicated by the linear 
regression. The maximum bending angle of approximately 62° was reached at tempering 
parameters between 6400 and 7000 before decreasing after tempering at 200 °C for 60 min 
(TP=7270). It is worth noting that the range of average bending angles from lowest (AR) to the 
maximum is only 5° which is less than some standard deviations. Like PHS 1500, maximum 
load decreased monotonically with increasing aging time and temperature as shown in 
Figure 4.49(b). The largest maximum load was recorded for AR at 14.4 kN and the smallest was 
12.4 kN corresponding to {0-200-60} (TP=7270). Scatter is noticeably less in the maximum load 
data compared to bending angle data. Finally, Figure 4.49(c) plots bending angle as a function of 
YS. Unlike PHS 1500, bending angle for PHS 2000 increased with increasing YS. The goodness 
of fit for this data set, R2 of 0.74, is significantly higher than for PHS 1500 but still limited to the 
small range of bending angles and large error bars. Again, the lack of a good correlation suggests 








Figure 4.48 PHS 1500 free bend test results for (a) bending angle and (b) maximum load as a 









Figure 4.49 PHS 2000 free bend test results for (a) bending angle and (b) maximum load as a 








4.4.2 Surface Effects on Bendability 
 Bendability of AHSS may be influenced by surface topography. Theory of bending states 
that a beam in simple three-point bending will have tensile and compressive stresses, and the 
sample surface opposite the inside radius will experience tensile stresses [89]. Outermost fibers 
at this surface will experience the highest tensile stresses in the material and will fail at the 
maximum stress known as flexural strength (𝜎 ). The neutral axis (the location where 
longitudinal stresses are zero) shifts towards the inside radius after the material deforms 
plastically resulting in thinning of the specimen. The VDA238-100 test specimens had very large 
width to thickness ratios so the stress state at the surface is biaxial promoting cracking in the 
middle of the sample [89]. Because of this biaxiality, cracks typically do not initiate at edges so 
surface defects may become initiation sites for cracks. To quantify these effects, surface 
roughness was investigated by using a white light interferometer (optical profiler) and by 
comparison of as-received samples with samples polished to a mirror-like finish. 
 Profilometry scans for select areas are shown in Figure 4.50 and Figure 4.50 for 
PHS 1500 and PHS 2000, respectively, for conditions that showed large variations in bend angle 
at maximum load. Samples were sectioned from small angle and large angle bend samples. 
Sections were taken from the middle of undeformed regions away from the bend radius and 
sample edges. Table 4.3 presents the average surface roughness (Ra) and extreme values (Rz) as 
an average of at least five scans with a corresponding standard deviation for each condition. 
Bend angles for PHS 1500 after tempering at 160 °C for 15 min were 81° (Figure 4.50(a)) and 
101° (Figure 4.50(b)). The 81° sample shown in Figure 4.50(a) clearly exhibited a higher surface 
roughness as illustrated by greater areas of high (red) and low (blue) topography. Table 4.2 
highlights this difference. The 81° specimen had an Ra of 1.0 µm while the 101° sample had an 
Ra of 0.7 µm. However, extreme values of the 81° sample (15.6 µm) were smaller than the 101° 
sample (19.6 µm). 
 Results for PHS 2000 did not show correlation between roughness and bend angle. Bend 
angles for PHS 2000 were 52° (small angle) and 69° (large angle). The 52° sample 
(Figure 4.51(a)) and 69° sample (Figure 4.51(b)) samples showed similar surface topography. 
The average and extreme value roughness measurements given in Table 4.3 are comparable. The 
average roughness values for both samples were nearly identical (1.2 µm), while the extreme 







Figure 4.50 Surface roughness scans of PHS 1500 showing areas of the (a) 81° (small angle) 
sample and (b) 101° (large angle) sample. Sections were taken from bend 
specimens tempered at 160 °C for 15 min but with the AR surface finish. The 









Figure 4.51 Surface roughness scans of PHS 2000 showing areas of the (a) 52° (small angle) 
sample and (b) 69° (large angle) sample. Sections were taken from bend 
specimens tempered at 170 °C for 20 min but with the AR surface finish. The 





Table 4.3 – Surface Roughness Measurements for PHS 1500 and PHS 2000 
 
Steel Condition Angle Ra [µm] SD Rz [µm] SD 
PHS 1500 Low 81° 1.0 0.2 15.6 1.6 High 101° 0.7 0.2 19.6 1.2 
PHS 2000 Low 52° 1.2 0.0 14.6 1.1 High 69° 1.2 0.1 15.9 1.0 
 
 Surface effects were also investigated by polishing bend samples prior to testing. An AR 
bend specimen from each PHS grade was polished to a mirror-like finish and tested using the test 
procedure found in Section 3.4.2 to find bending angle at maximum load. Note that the polished 
surfaces were placed opposite the punch so that this surface was in tension. Results for 
PHS 1500 and PHS 2000 are shown in Figure 4.52. The AR data are superimposed on plots 
showing bending angle as a function of tempering parameter for unpolished samples. For both 
steels, polishing led to a clear decrease in bending angle. The bending angle for PHS 1500 after 
polishing was 88°, a decrease of 13° from the unpolished AR bend angle of 101°. Likewise, the 
AR bend angle for PHS 2000 decreased from 57° (unpolished) to 53° (polished). The decrease in 
bend angle with surface finish improvement was unexpected since the objective of polishing was 




Figure 4.52 Bending angle for polished (a) PHS 1500 and (b) PHS 2000 superimposed on 
unpolished bend test results. 
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4.4.3 Bending Results for DP and TBF Grades 
 Bend tests on samples with AR surface conditions were also performed on the DP and 
TBF steels after baking at 170 °C for 20 min (TP=6590) and 200 °C for 60 min (TP=7270). The 
AR condition was tested for each steel and shown with a TP=5300. Results from these bend tests 
are presented in Figure 4.53(a) for DP 1000, Figure 4.53(b) for TBF 1000, and Figure 4.53(c) for 
TBF 1200. All steels showed weak correlation between bend angle and baking. For example, 
Figure 4.49(a) shows that the greatest change in bend angle relative to AR was less than 5° for 






Figure 4.53 Bending angle results for (a) DP 1000, (b) TBF 1000, and (c) TBF 1200 in the 




4.5 Bend Testing Discussion 
 Bendability of martensitic sheet steels is dependent on plasticity of the surface and 
subsurface material, inclusion size and distribution, PAG sizes, and sheet thickness [68, 71]. 
Scatter in bending data may be attributed to variability in these factors. Bend test results for both 
PHS 1500 and PHS 2000 suggest there may be inhomogeneity amongst samples perhaps due to 
uneven surface grinding to remove the Al-Si coating (PHS 1500), variability in shot blasting 
after hot stamping (PHS 2000), and/or differences in surface hardness amongst samples (possibly 
due to decarburization). To verify or nullify these claims, efforts were focused on measuring 
surface roughness with a white light interferometer (profiler). Data showed mixed results. 
Roughness of the low angle PHS 1500 sample was greater than the high angle sample, which 
suggests that there was a surface effect that decreased bending angle. However, results from 
PHS 2000 did not support this claim. Average roughness (Ra) for both small and large angle 
samples were nearly identical. Polishing bend samples provided unexpected results. Bend angle 
of the polished samples for both steels decreased relative to the unpolished results. A possible 
explanation may be the removal of a soft ferrite (i.e. decarburized) subsurface layer. One 
researcher has pointed out that this soft layer helps improve bending [71]. However, 
microhardness traverses from the surface to centerline or microscopy are required to verify this 
theory. Another factor that may be influencing uncertainty in this investigation is fixture 
alignment, such as the alignment between the punch and the rollers, and the punch and the 
sample, as shown in the schematics in Figure 3.2 of Section 3.4.2. 
 Despite scatter in the data, the ranges in bend angles were small. Ranges for PHS 1500 
and PHS 2000 were 7° and 5°, respectively. The limited ranges in observed angles suggests that 
bend angle is essentially insensitive to the LTT conditions used in this study. Some researchers 
found good correlation between tempering temperature (ranging from 300 to 500 °C) and bend 
angle [69]. However, the temperatures used in the investigation by Larour et al. [69] were 
significantly higher. For example, the lowest temperature in their study was 300 °C compared to 
the highest temperature of 200 °C for this investigation. The small range of temperatures 
employed in the present study coupled with large standard deviations may also explain why 
bending angles appeared to decrease for PHS 1500 and PHS 2000, which is opposite the trend 





SUMMARY AND CONCLUSIONS 
 
 Material development is essential for improving fuel efficiency and maintaining strict 
safety standards by producing lightweight, high strength parts. Advanced high strength steels 
have been identified for many structural vehicle components because of their low cost, high 
strength, and good formability. Sheet forming processes used to create these BIW components 
and subsequent paint baking operations strengthen steels via static strain aging mechanisms, also 
referred to as bake hardening. With respect to martensitic steels such as PHS grades, paint 
baking can alter mechanical properties by means of low temperature tempering processes. The 
primary objective of this thesis was to determine the effects of paint baking on the mechanical 
properties of select AHSS grades. 
 Three steels, DP 1000, TBF 1000, and TBF 1200, were each prestrained 0, 2, and 5 pct 
prior to paint baking. Times and temperatures of the baking process ranged from 20 to 60 min 
and 120 to 200 °C, respectively. Time and temperature were combined into a single variable, the 
Hollomon-Jaffe tempering parameter, to make direct comparison of tensile properties possible. 
Without prestrain, strengthening was observed for DP and TBF steels for all test conditions, and 
increasing time/temperature led to increased strengthening up to 200 °C, 60 min. DP 1000 and 
TBF 1200 showed similar strengthening for most times and temperatures. Conversely, TBF 1000 
had the least bake hardening response over most of the range of tempering parameters, typically 
20 MPa less than DP 1000 and TBF 1200. Despite increases in YS, UTS remained relatively 
unchanged after aging for these three grades due to minor decreases in strain hardening, which 
was verified using a log-log plot of strain hardening as a function of true plastic strain. Ductility 
remained high for all test conditions, typically decreasing by 1 pct or less relative to AR. 
 With the addition of 2 and 5 pct prestrain, DP and TBF steels showed a greater bake 
hardening response compared to the unstrained conditions and appearance of YPE. BHx and 
∆σmax values generally increased with increasing tempering parameter. Comparing the steels, BH 
values diverge after prestraining and baking. For a given time/temperature, TBF 1200 showed 
the greatest bake hardening response, followed by TBF 1000. BH maxima were observed for 
DP 1000 and TBF 1000 at 2 pct prestrain for a given time/temperature. Conversely, BH for 
TBF 1200 continuously increased over the entire range of prestrains used in this study. The 
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greater BH values for the TBF grades, especially TBF 1200, compared to DP 1000 are likely due 
to the significant contribution of bainite to bake hardening. Formation of martensite from the 
TRIP effect during prestraining is also expected to be a major source of strengthening for the 
TBF steels. TBF 1200 may have higher retained austenite stability compared to TBF 1000 which 
could explain why this steel showed a continuous increase in BHx over the entire range of 
prestrains. 
 Tensile properties were also affected by prestrain, time, and temperature. For DP and 
TBF steels, UE and TE generally decreased with increasing time and temperature to a minimum 
at 200 °C, 60 min. With respect to prestrain, the lowest recorded UE and TE were after 5 pct 
prestrain for the three steels. Although prestraining prior to baking significantly increased YS, 
UTS did not increase proportionally. That is, UTS did not benefit from bake hardening. Log-log 
plots of strain hardening as a function of true plastic strain ubiquitously showed that strain 
hardening was lower, relative to AR, after prestraining and baking. Likewise, strain hardening 
decreased with increasing aging time and temperature. 
 Tensile testing of PHS grades was limited to unstrained conditions. The higher carbon 
PHS 2000 had the greatest BH response and a maximum value of 180 MPa after aging at 200 °C 
for 15 min. Differences in BH levels between PHS 1500 and PHS 2000 were attributed to the 
differences in alloying. Increased carbon in PHS 2000 was responsible for more carbon in 
solution (i.e. tetragonality), higher dislocation density, and transition carbide densities, leading to 
greater BH0 values. For both martensitic steels, BH0 increased to a maximum, then decreased at 
higher temperatures and longer times. Yielding transitioned from continuous to discontinuous 
with increasing tempering intensity. The BH responses were attributed to the pinning of 
dislocations by carbon atoms, coarsening of transition carbides, and possibly recovery of 
dislocations. The decrease in BH0 at higher temperature and longer time conditions may be due 
to overaging effects. Hardness of the PHS grades was shown to correlate with UTS. 
 Free bend testing on PHS 1500 and PHS 2000 gave bending angle and maximum load 
data which were then plotted as a function of tempering parameter. Bend angle decreased for 
PHS 1500 and slightly increased for PHS 2000 with tempering parameter. However, large scatter 
in the bend angle data, possibly due to the effects of surface condition and test reproducibility, 
coupled with relatively small ranges of values, indicated that bendability was insensitive to the 






 This study aimed to quantify the effects of prestrain and baking on mechanical properties 
of AHSS. This chapter focuses on areas of the investigation that could be expanded, 
opportunities to use advanced analytical techniques, and additional AHSS.  
 The test matrix was comprised of industrially relevant times and temperatures. Maxima 
and minima prestrains, times, and temperatures were chosen to reflect possible combinations in a 
real-world automotive assembly plant. However, a fairly limited matrix was used due to the 
number of tests required for each steel grade. Selecting more times and temperatures would 
populate intermediate tempering parameters and strengthen trends. As an example, more data 
could elucidate the effect of higher time and temperature on BH2 maxima at {2-200-15} for 
TBF 1000 and TBF 1200. For the PHS grades, more LTT conditions are warranted to reinforce 
the observation that BH0 decreases and yielding transitions to discontinuous at longer times and 
higher temperatures. Likewise, hypothesis testing, such as a one-way analysis of variance 
(ANOVA) test, could be used to determine what baking parameters (e.g. time, temperature, or 
prestrain) are statistically significant for each grade. Results from hypothesis testing could be 
used to establish a design of experiment (DOE) tailored for each steel that expands trends and 
correlations found in this investigation. 
 Aging in this thesis was quantified using the bake hardening index (BHx) and the 
maximum of the bake hardening curve (∆σmax). Although both measures nominally quantify the 
same phenomenon, ∆σmax was used to prevent work hardening from overestimating BH values 
for steels that yielded discontinuously. However, the opposite trend was observed when the two 
measures were compared: ∆σmax was greater than BHx for instances where yielding was 
continuous. Although this trend was unexpected, it was postulated that the sharp decrease in 
strain hardening after the elastic limit caused an underestimation of BHx although yielding 
remained continuous. A more thorough investigation is needed into where and how σa 
(i.e. intersection of 0.2 pct offset line) was calculated to verify this hypothesis. The range of test 
conditions and steels in this investigation could be used to determine what yielding behavior is 




 Efforts were focused on mechanical testing, but another fundamental aspect of bake 
hardening is the alteration of microstructure with prestrain and baking. The present work had 
limited results and discussion focused on microstructure. Advanced analytical techniques, such 
as X-ray diffraction (XRD), Mössbauer spectroscopy, and transmission electron 
microscopy (TEM), could be used to study changes in dislocation density and cell structures, 
precipitate densities, and retained austenite volume fractions with prestrain and baking. Many 
studies have discussed the influence of microstructure on bake hardening behavior of AHSS. 
Future work could build on this foundation, particularly with new generation AHSS sheet steels 
being developed. 
 Six steels were originally chosen for this thesis. The sixth steel, complex phase 
(CP) 1000, was omitted due to difficulties in testing. Tensile samples repeatedly failed in the 
fillet and outside the extensometer. Machining defects (e.g. unequal radii) could have caused 
these failures but the exact cause is unknown. This material should be machined again, 
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 This appendix tabulates all tensile properties for DP 1000, TBF 1000, TBF 1200, 
PHS 1500, and PHS 2000 from uniaxial tensile testing. Testing followed ASTM E8 standards 
and was performed on a displacement-controlled electromechanical load frame. Load data were 
measured with a load cell rated to 89 kN. A crosshead speed of 1.25 mm/min was chosen to 
generate a quasi-static engineering strain rate of approximately 3.7x10-4 s-1. Tensile samples 
were ASTM E8 standard size and three tests per steel grade were performed for each condition. 
More information on test setup and procedures can be found in Section 3.4.1. Results for DP and 
TBF steels are for 0, 2, and 5 pct prestrain and baking, while results for PHS grades are baking 
only. As-received (AR), i.e. unaged, data are also included. Averages and standard deviations of 





Table A.1 – Tensile Properties for DP 1000 
 


















AR 736 4 998 2 9.9 0.1 15.4 0.2 N/A 
120 20 5850 754 14 1010 10 9.4 0.3 15.2 0.4 18 12 17 11 
160 15 6391 780 2 1005 4 9.1 0.2 15.4 0.7 44 4 40 5 
170 20 6594 784 5 998 5 8.9 0.2 15.1 0.2 49 6 46 7 
160 60 6652 792 6 1006 7 8.8 0.1 14.8 0.3 57 6 53 7 
200 15 6981 809 3 1006 1 8.4 0.3 14.4 0.2 73 5 89 7 
200 60 7266 849 1 1011 3 8.3 0.1 14.1 0.4 113 4 165 5 
2 
120 20 5850 954 1 998 1 7.4 0.2 13.4 0.5 44 0 47 3 
160 15 6391 993 2 1004 2 6.4 0.2 12.5 0.2 79 0 84 4 
170 20 6594 998 4 1008 3 6.4 0.0 12.6 0.4 88 1 89 4 
160 60 6652 1003 7 1013 5 6.2 0.5 12.4 0.6 91 0 99 8 
200 15 6981 1019 6 1029 5 5.2 0.3 10.7 0.3 102 1 115 5 
200 60 7266 1035 5 1047 5 4.7 0.1 10.0 0.5 108 1 130 11 
5 
160 15 6391 1020 8 1053 3 1.2 0.1 5.5 1.6 45 6 72 4 
170 20 6594 1052 3 1072 5 1.0 0.0 4.2 0.4 69 2 92 5 
160 60 6652 1064 7 1082 6 0.9 0.0 3.1 0.3 81 3 102 5 
200 15 6981 1067 9 1084 7 0.9 0.0 4.2 0.2 87 4 104 6 




Table A.2 – Tensile Properties for TBF 1000 
 


















AR 623 0 1015 0 18.2 0.3 23.3 0.5 N/A 
120 20 5850 630 3 1013 6 18.0 0.4 23.9 0.5 8 3 7 4 
160 15 6391 651 2 1022 2 17.2 0.2 23.0 0.5 28 2 32 3 
170 20 6594 649 2 1016 1 17.2 0.3 22.7 0.8 26 1 36 2 
160 60 6652 656 2 1020 2 17.2 0.2 22.9 0.9 33 2 44 3 
200 15 6981 673 3 1020 2 17.4 0.3 22.9 0.6 51 3 70 2 
200 60 7266 683 4 1013 2 17.3 0.1 22.9 0.2 60 4 81 1 
2 
120 20 5850 849 3 1019 4 15.3 0.1 20.9 0.1 58 1 55 2 
160 15 6391 894 2 1019 1 15.4 0.3 21.1 0.2 97 0 88 2 
170 20 6594 906 10 1028 10 15.4 0.3 20.8 0.3 111 7 97 3 
160 60 6652 904 3 1026 1 14.7 0.0 20.4 0.2 109 1 104 2 
200 15 6981 915 3 1028 1 15.1 0.5 20.9 0.3 121 0 120 3 
200 60 7266 923 4 1036 2 13.8 0.2 19.5 0.3 118 3 130 2 
5 
160 15 6391 987 4 1023 3 13.2 0.2 19.4 0.1 89 1 63 4 
170 20 6594 1000 2 1025 2 10.6 0.2 16.2 0.4 92 1 82 2 
160 60 6652 1018 3 1038 3 10.2 0.2 15.4 0.2 103 1 102 3 
200 15 6981 1022 2 1044 2 10.0 0.2 14.9 0.3 110 0 110 3 






Table A.3 – Tensile Properties for TBF 1200 
 


















AR 905 3 1212 3 13.0 0.1 17.7 0.2 N/A 
120 20 5850 908 6 1202 7 13.0 0.2 17.9 0.2 2 9 2 4 
160 15 6391 954 3 1223 5 12.4 0.2 17.3 0.1 49 7 68 3 
170 20 6594 959 5 1213 3 12.5 0.3 17.3 0.1 54 4 69 4 
160 60 6652 968 4 1222 1 12.1 0.2 17.2 0.3 62 8 75 5 
200 15 6981 980 4 1216 4 12.1 0.2 17.3 0.2 75 2 91 9 
200 60 7266 986 2 1213 3 12.6 0.1 17.8 0.2 81 6 98 2 
2 
120 20 5850 1133 4 1218 2 11.1 0.2 15.8 0.3 90 1 85 5 
160 15 6391 1165 0 1219 0 10.1 0.2 14.7 0.3 122 0 139 4 
170 20 6594 1182 10 1229 8 9.4 0.3 14.3 0.1 136 2 168 5 
160 60 6652 1176 5 1227 4 9.7 0.1 14.5 0.5 137 1 163 8 
200 15 6981 1189 5 1235 6 9.5 0.1 14.3 0.2 148 1 180 8 
200 60 7266 1197 7 1243 7 9.7 0.4 14.4 0.2 144 1 177 7 
5 
160 15 6391 1288 7 1288 9 0.9 0.0 7.4 0.2 134 6 136 8 
170 20 6594 1303 5 1303 6 0.9 0.0 5.5 0.0 151 2 151 6 
160 60 6652     1322 4     5.4 0.2 170 1 171 5 
200 15 6981     1320 19     4.8 0.6 175 16 171 19 






Table A.4 – Tensile Properties for PHS 1500 
 


















AR 1184 3 1592 5 4.9 0.0 7.9 0.0 N/A 
120 20 5850 1212 7 1592 3 4.6 0.1 7.2 0.1 23 7 14 15 
160 15 6391 1266 3 1577 0 4.7 0.1 7.3 0.1 77 4 82 8 
170 20 6594 1269 0 1571 6 4.5 0.3 7.5 0.1 81 2 64 1 
160 60 6652 1305 7 1597 3 4.4 0.1 7.2 0.3 122 8 130 15 
200 15 6981 1299 10 1561 8 4.2 0.3 7.0 0.4 116 10 132 5 
200 60 7266 1276 1 1526 0 4.4 0.0 7.1 0.2 87 3 76 1 
 
Table A.5 – Tensile Properties for PHS 2000 
 


















AR 1432 4 2115 4 5.7 0.2 7.8 0.2 N/A 
120 20 5850 1512 3 2083 1 5.1 0.1 7.3 0.2 80 3 80 2 
160 15 6391 1592 1 2036 0 4.9 0.2 7.1 0.1 160 3 152 2 
170 20 6594 1591 16 1997 13 5.5 0.2 7.9 0.4 159 11 127 21 
160 60 6652 1607 4 2004 3 5.2 0.2 7.8 0.3 175 5 194 6 
200 15 6981 1605 2 1923 6 4.9 0.2 7.4 0.1 173 3 198 18 







 Bake hardening, showing Δσ as a function of strain, and Jaoul-Crussard strain hardening 
plots were created for all five experimental steels. However, the plots for the DP and TBF steels 
given in Chapter 4 did not fully capture the strengthening behavior of all conditions. Therefore, 
enlarged plots were created so that every condition could be clearly labeled. Curves were created 
using the definitions found in Sections 3.5.1 and 3.5.4. 
 
 
Figure B.1 Log-log plot of strain hardening rate versus plastic strain for unstrained DP 1000. 






Figure B.2 Strengthening response of unstrained and aged DP 1000 presented as ∆σ curves as 
a function of engineering strain. Data are identical to Figure 4.9(a) but the plot has 
been expanded and all curves labeled. 
 
 
Figure B.3 Bake hardening, ∆σ curves, for DP 1000 after 2 pct prestrain and baking. Data are 





Figure B.4 Log-log plot of strain hardening rate versus plastic strain for 5 pct prestrained and 
aged DP 1000. Data are identical to Figure 4.14(b) but the plot has been expanded 
and all curves labeled. 
 
 
Figure B.5 Bake hardening, ∆σ curves, for DP 1000 after 5 pct prestrain and baking. Data are 





Figure B.6 Log-log plot of strain hardening rate versus plastic strain for unstrained 
TBF 1000. Data are identical to Figure 4.17(b) but the plot has been expanded and 
all curves labeled. 
 
 
Figure B.7 Bake hardening, ∆σ curves, for unstrained TBF 1000 after baking. Data are 





Figure B.8 Bake hardening, ∆σ curves, for TBF 1000 after 2 pct prestrain and baking. Data 




Figure B.9 Bake hardening, ∆σ curves, for TBF 1000 after 5 pct prestrain and baking. Data 






Figure B.10 Bake hardening, ∆σ curves, for unstrained TBF 1200 after baking. Data are 
identical to Figure 4.26(a) but the plot has been expanded and all curves labeled. 
 
 
Figure B.11 Log-log plot of strain hardening rate versus plastic strain for unstrained 
TBF 1200. Data are identical to Figure 4.27(b) but the plot has been expanded and 





Figure B.12 Bake hardening, ∆σ curves, for TBF 1200 after 2 pct prestrain and baking. Data 





HARDNESS DATA FOR PHS GRADES 
 
 The paint baking response of the PHS grades was evaluated with microindentation 
hardness testing, commonly referred to as microhardness testing. Samples paint baked in oil 
baths were cut, mounted, and polished to prepare surfaces suitable for testing. Hardness samples 
were cold mounted in an epoxy resin with an orientation such that hardness measurements were 
taken normal to the rolling direction at mid-thickness. Following the ASTM E384 standard for 
microindentation hardness of materials, samples were tested on an automated microhardness 
tester using a load of 500 gf (i.e. HV 0.5). A minimum of 10 hardness measurements were made 
per sample. More information on the test setup and procedure can be found in Section 3.4.3. 
Tensile strength is provided for comparison. Vickers microhardness values were converted to 
Rockwell C (HRC) according to Equation (1.1.1) in ASTM E140. 
 
Table C.1 – Microhardness Results for PHS 1500 
 




logt[s]) HV 0.5 SD 
UTS 
[MPa] SD HRC 
 
AR 500 3 1592 5 49.0 
120 20 5850 503 4 1592 3 49.2 
160 15 6391 505 2 1577 0 49.3 
170 20 6594 498 2 1571 6 48.9 
160 60 6652 500 4 1597 3 49.0 
200 15 6981 494 2 1561 8 48.6 




Table C.2 – Microhardness Results for PHS 2000 
 




logt[s]) HV 0.5 SD 
UTS 
[MPa] SD HRC 
 
AR 627 2 2115 4 56.8 
120 20 5850 621 4 2083 1 56.4 
160 15 6391 602 3 2036 0 55.4 
170 20 6594 603 5 1997 13 55.4 
160 60 6652 588 5 2004 3 54.6 
200 15 6981 582 2 1923 6 54.2 





FREE BEND TEST DATA FOR PHS GRADES 
 
 Bend testing was performed on a displacement controlled electromechanical load frame. 
Tests conformed to the VDA238-100 standard. Samples were machined into 60 mm x 60 mm 
squares using EDM. For each PHS grade, a minimum of three tests per condition were 
performed. More information on the test setup and procedure can be sound in Section 3.4.2. 
Maximum load, Fmax, and stroke, S, were recorded from the load frame. Stroke was used to 




Table D.1 – Bending Results for PHS 1500 
 






[kN] SD S [mm] SD 𝛼 [°] SD YS [MPa] SD UTS [MPa] SD 
 
AR 12.4 0.2 11.2 0.3 101 3 1184 3 1592 5 
120 20 5850 12.6 0.2 11.0 0.2 99 2 1212 7 1592 3 
160 15 6391 11.9 0.2 10.4 0.8 93 8 1266 3 1577 0 
170 20 6594 12.1 0.3 10.9 0.4 98 5 1269 0 1571 6 
160 60 6652 11.8 0.3 10.6 0.6 94 7 1305 7 1597 3 
200 15 6981 11.6 0.4 10.7 0.3 96 3 1299 10 1561 8 
200 60 7266 11.1 0.4 10.5 0.1 93 1 1276 1 1526 0 
 
Table D.2 – Bending Results for PHS 2000 
 






[kN] SD S [mm] SD 𝛼 [°] SD YS [MPa] SD UTS [MPa] SD 
 
AR 14.4 0.1 7.0 0.4 57 4 1432 4 2115 4 
120 20 5850 14.4 0.1 7.3 0.3 60 3 1512 3 2083 1 
160 15 6391 14.0 0.1 7.6 0.1 63 1 1592 1 2036 0 
170 20 6594 13.6 0.4 7.5 0.8 62 7 1591 16 1997 13 
160 60 6652 13.7 0.1 7.5 0.4 61 4 1607 4 2004 3 
200 15 6981 13.2 0.0 7.6 0.2 63 2 1605 2 1923 6 
200 60 7266 12.4 0.1 7.2 0.2 59 2 1567 6 1851 5 
 
